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CHAPTER 1

BACKGROUND AND INTRODUCTION*

1.1  Structure and function of the retina

1.1.1 Neurons of the retina

An organism’s ability to detect visible light, allowing it to adapt and respond to its physical
environment, offers a considerable evolutionary advantage. So strong is this advantage that some form of
visual organ has independently evolved at least 40 different times throughout the course of natural history
(Schwab, 2018). In humans, light is collected and focused by the eye onto the retina, a complex and
multi-layered neural structure responsible for detecting, encoding, and transmitting visual information to
the brain. The retina shares its developmental origins with the central nervous system (Heavner and
Pevny, 2012) and makes direct connections between the eye and central targets in the brain. Beyond
simply detecting light, the complex circuitry of the retina allows it to perform neural computations and
start the process of making sense of the visual scene. However, like the rest of the central nervous system
the retina is vulnerable to disease. Understanding the intricacy and heterogeneity of the cells and circuits
of the retina provides an important foundation for developing new therapies to combat diseases of the
visual system.

The retina is comprised of three primary layers of neuron cell bodies with two distinct layers of
synapses (Kolb, 2011)(Fig. 1.1). Light entering the retina must first traverse all these layers before being
absorbed in the outermost neuron layer (outer nuclear layer), containing cells called photoreceptors.

Photoreceptors contain light-sensitive pigments that allow for the conversion of light energy into

*Portions of this chapter has been published in the following paper:
e Boal, A. M., Risner, M. L., Cooper, M. L., Wareham, L. K., & Calkins, D. J. (2021). Astrocyte Networks
as Therapeutic Targets in Glaucomatous Neurodegeneration. Cells, 10(6), 1368.
https://doi.org/10.3390/cells10061368
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Figure 1.1 The layered neuronal structure of the retina

The retina is a highly organized, layered neural structure. Light passes through from the inner to the outer retina,
where it is transduced by photoreceptors. Information is then conveyed through two more primary neuronal
processing layers, ultimately getting integrated by retinal ganglion cells (RGCs) in the inner retina. RGCs
transmit visual information to the brain via their long axons that comprise the optic nerve. Image created in part
with BioRender.com.

bioelectrical signals, which can be conveyed by neurons. These cells can be divided into two primary
subtypes, rods and cones, which have distinct biophysical properties that tune them for detecting specific
types of light (Kolb, 2013; Fu, 2018). Rods are highly sensitive to low levels of light and facilitate night
vision. Cones, on the other hand, function best in brightly lit conditions and provide high acuity and color
vision. These differences are due in large part to the type of photosensitive protein, or opsin, contained
within each cell (Kolb, 2013). The process of detecting light, called phototransduction, begins when light
energy excites the opsin protein and causes a conformational change in retinal, a molecule bound to the
opsin, from the 11-cis to all-trans conformation (Hargrave and McDowell, 1993; Kolb, 2013). This
initiates a G protein-mediated signaling cascade, ultimately resulting in the closure of ion channels and
hyperpolarization of the photoreceptor plasma membrane (Hargrave and McDowell, 1993; Kolb, 2013).
In darkness, photoreceptor membranes are depolarized and release a constant stream of the excitatory

neurotransmitter glutamate. Upon absorption of light, the signaling cascade results in the cessation of



glutamate release.

Moving inwards through the retina, the next major layer is a synaptic layer called the outer
plexiform layer (Kolb, 2011). Here, the photoreceptors synapse onto neurons called bipolar cells. These
connections are key for establishing a set of parallel pathways underlying the ability to detect contrast and
which are important contributors to cell type differences highlighted in subsequent chapters. Depending
on which type of glutamate receptor a bipolar cell expresses it gives rise to either the ON or OFF
pathway, which are sensitive to increases or decreases in light intensity, respectively. Recall that
stimulation with light causes a decrease in glutamate release from photoreceptors. Thus, ON bipolar cells
must invert that signal so that they become excited by light. This is accomplished via metabotropic
glutamate receptors, specifically mGIuR6 (Nakajima et al., 1993), which respond to decreased glutamate
levels by signaling through a G protein cascade and resulting in depolarization of the bipolar cell
membrane. OFF bipolar cells, on the other hand, do not require sign inversion and signal through
ionotropic glutamate receptors (Slaughter and Miller, 1983). The establishment of these parallel pathways
allows for the detection of changes in contrast, and integration of these pathways in subsequent
processing layers grants the ability to detect edges between light and dark areas of the visual scene.

Continuing inward, the next neuronal layer (the inner nuclear layer) contains the cell bodies of the
bipolar cells as well as two other neuronal cells: amacrine cells and horizontal cells (Kolb, 2011).
Horizontal cells interact with photoreceptors in the outer plexiform layer, applying inhibitory feedback
that helps enhance contrast and generate color vision via a process called color opponency (Twig et al.,
2003; Boije et al., 2016). They can span large distances and are often directly coupled to one another via
gap junctions, allowing them to act in both short and long ranges. Amacrine cells send their processes in
the opposite direction, reaching up into the inner plexiform layer. Broadly, they are involved in refining
the receptive field properties of retinal ganglion cells, the final neuronal level of retinal processing.
Amacrine cells are heterogenous, expressing a wide variety of neurotransmitters, taking on variable
morphologic configurations, and varying in physiologic properties (Kolb, 1997). Importantly, amacrine

cells are vital for establishing diversity in ganglion cells, discussed in depth later.



In the next synaptic layer, the inner plexiform

ON Center OFF Center

layer, bipolar cells synapse onto retinal ganglion cells.
These synapses are glutamatergic, excitatory connections
(Kolb, 2012). Retinal ganglion cells (RGCs) are
integrators of visual information, responding to
activation of numerous photoreceptors across a
topographic span of the retina. The way in which this
information is integrated, in terms of both topographic
space and ON/OFF pathways, establishes the RGC
receptive field. RGC receptive fields, the region of visual

space that drives their activation, are arranged in a

center-surround configuration (Nelson, 2007)(Fig. 1.2). . . L
g ( )(Fig. 1.2) Figure 1.2 The center-surround receptive field

Schematic illustrating the basic principles of ON- and
OFF-center receptive fields, showing different

— L . configurations of light (yellow) and dark (gray) falling on
center of the receptive field and inhibited by lightinthe  gch representative field. The resultant spiking patterns of

the cells are illustrated to the right.

ON center RGCs are excited by light stimulation in the

surrounding field (due to the lateral inhibitory action of
amacrine cells). The reverse is true for OFF surrounds RGCs. Furthermore, ON/OFF segregation is
reflected in the laminar location of bipolar-RGC synapses (Famiglietti and Kolb, 1976). OFF connections
are made in the deeper part of the inner plexiform layer whereas ON connections are stratified in the more
superficial region. These differences facilitate the morphological identification of the two broad
categories of RGCs.

Superficial to the inner plexiform layer lays the ganglion cell layer, where the cell bodies of RGCs
(as well as some displaced amacrine cells) reside (Perez De Sevilla Muller et al., 2007; Kolb, 2011). The
size and number of ganglion cells scales with eccentricity in the retina. In the central retina, the region of
high acuity vision, there are numerous small RGCs. Correspondingly, the receptive fields of these RGCs
are smaller and allow for higher frequency sampling of visual space (Dacey, 1993). Further from the

central retina, RGCs become larger and less dense, with larger receptive fields. Similar, the amount of



convergence from photoreceptors and bipolar cells to RGCs changes with eccentricity. That is, central
RGCs receive input from smaller regions and fewer photoreceptors than peripheral RGCs (Barlow, 1953).
Based on this pattern of integration, each RGC is tuned to respond to a certain feature in a certain location
of visual space. It translates the variety of excitatory and inhibitory inputs into changes in its membrane
potential, generating trains of electrical spikes that are conveyed to the brain and further integrated and
interpreted.

Each RGC sends a single axon superficially into the nerve fiber layer, running along the inner
surface of the retina. These output fibers group into bundles and all converge on a single point in the
centro-nasal retina, where they come together to form the optic nerve (Kolb, 2011). These axons,
remaining unmyelinated within the retina, dive outward and pass through the optic nerve head, a structure
made up of glial cells and collagenous beams (in the primate). Maintaining retina topography, they then
pass out of the eye into the optic nerve proper, which traverses into the brain towards central visual
targets, carrying visual information in the form of electrical signals. All information received by the brain
is carried by these RGC axons. Thus, the fidelity of the signals carrying visual information to be
interpreted in the brain is dependent upon the health of a diverse set of RGCs and their underlying

circuitry.

1.1.2 Heterogeneity of retinal ganglion cells

Retinal ganglion ells (RGCs) can be divided into numerous subtypes. Traditionally these divisions
were established by differentiating physiologic responses to light stimulation and by characterization of
cellular morphology. Recent classification efforts differentiate numerous intrinsic and extrinsic properties,
including genetic profile, transcriptomics, morphology, regular topographic spacing, and physiologic
response to stimuli (Sanes and Masland, 2015; Shekhar and Sanes, 2021). Based on these variables,
approximately 20 — 40 different RGC types of have been identified, depending on species (Sanes and
Masland, 2015; Baden et al., 2016; Bae et al., 2018; Tran et al., 2019; Goetz et al., 2022). In the mouse, a

common model organism used to investigate ophthalmic disease, this is number likely near 40 (Goetz et



al., 2022). Because the work presented here was performed in the mouse retina, subsequent exploration of
RGC heterogeneity will focus on what is known about the mouse.

The broadest classification of mouse RGCs relates to the ON/OFF pathways described in the prior
section (Sanes and Masland, 2015). ON center RGCs fire action potentials in response to increases in
light intensity occurring in the center of their receptive field. OFF center RGCs, on the other hand, fire in
response to decreases in light. There is also a subset of cells that fires in response to both light onset and
offset, called ON-OFF RGCs. Additional divisions of RGCs based on light responses can be made by
evaluating responses to more complex visual stimuli. Several RGC subtypes are direction selective — that
is, they respond more strongly to light moving across the retina in a particular direction (Briggman et al.,
2011). This unique property is established by asymmetric connectivity and inhibition between a specific
type of amacrine cell, the starburst amacrine cell, and RGCs (Borg-Graham, 2001; Demb, 2007;
Briggman et al., 2011). Further yet, direction selective RGCs can be subdivided based upon their
preferred direction of motion along the visual axis, as well as by whether they preferentially respond to
the onset or offset of moving light across their receptive field. These direction selective cells underly the
ability to detect motion in the visual scene (Wei, 2018), an ability that is essential for an organism to
interact with its physical environment. Another subset of RGCs is intrinsically photosensitive, in which
cells contain their own opsin proteins that allow them to directly respond to light stimulation without
activation from photoreceptor-initiated circuits (Schmidt et al., 2011a; Schmidt et al., 2011b). These cells
are thought to mediate many of the non-image-forming aspects of the visual system, including modulating
circadian rhythms and the pupillary reflex.

Importantly, there is good concordance between the physiologic response properties of RGCs and
their morphology. As introduced previously, ON and OFF RGC dendrites are segregated into separate
layers of the inner plexiform layer. Concordantly, ON-OFF RGC dendrites are bistratified into both
layers. This is also true for direction selective cells and, interestingly, demarcated by the location of
starburst amacrine cell dendrites (Famiglietti and Kolb, 1976; Galli-Resta et al., 2000), the cells

underlying direction selectivity. The spatial distribution of an RGC’s dendrites also frequently reflects its



response properties. For example, RGCs that are direction selective can have asymmetric dendritic arbors
that are oriented in the same axis as their preferred direction of motion (Trenholm et al., 2011). RGCs can
also be distinguished by their spatial distribution across the retina. Cells of the same type distribute
regularly across the retina, avoiding packing too densely into clusters (Rockhill et al., 2000). Conversely,
cells of different types distribute randomly in relation to each other.

Additional divisions of RGC subtypes can be made by focusing on molecular expression profiles of
RGCs. The intrinsically photosensitive RGCs can be distinguished by their expression of melanopsin,
their photopigment (Schmidt et al., 2011b). Directionally selective RGCs can be subdivided by molecular
expression profiles, many of which correspond to specific directional preferences (Yonehara et al., 2008;
Huberman et al., 2009; Kay et al., 2011; De la Huerta et al., 2012). A subset of RGCs known as alpha-
RGCs, among the best understood of the RGC subtypes, are of particular importance for this work. Alpha
RGCs are distinguished morphologically by their large cell bodies, large axons, and monostratified
dendritic arbors (Krieger et al., 2017). Notably, they can also be identified by robust expression of
neurofilament proteins (Peichl et al., 1987; Krieger et al., 2017). In the mouse retina there are four alpha
RGC subtypes, each with unique morphology and response to light: ON-sustained, ON-transient, OFF-

sustained, and OFF-transient (Fig. 1.3). As previously described, ON cells increase their spiking in

response to increases in light whereas OFF cells response to light decrements. The sustained and transient

aON-S aOFF-S

Figure 1.3 Four principal alpha-type retinal ganglion cells

Representative schematics of the morphology (left) and light response (right) of each of the four principal alpha
retinal ganglion cells (RGCs): ON-sustained (#ON-S), ON-transient (¢ON-T), OFF-sustained (a¢OFF-S), and OFF-
transient (¢OFF-T). NFL: nerve fiber layer, GCL: ganglion cell layer, IPL: inner plexiform layer.



designations refer to the duration of this spiking response. Sustained alpha RGCs have a brisk response
that is maintained for a long duration after onset of the preferred stimulus. Transient cells, on the other
hand, have a brisk but brief response to the stimulus before returning to their basal level of activity.
Combining these molecular, morphologic, and physiologic properties allows for identification of each of

these alpha RGC subtypes, as will be described further in subsequent chapters.

1.1.3 Glial cells of the retina

In addition to the layered circuitry of neurons, glial cells reside within the retina and make
important physiologic contributions. Glia are neural cells that lack the excitable membranes of neurons
but are integral contributors to central nervous system function. There are three types of glial cells in the
retina: microglia, astrocytes, and Miiller glia (Reichenbach and Bringmann, 2020). Microglia are the
resident immune cells of the retina, migrating in from the bloodstream during development (Provis et al.,
1996). They protect against pathologic stimuli (Aloisi, 2001), clear toxic byproducts (Li and Barres,
2018; Grubman et al., 2021), and remove cell debris and dying cells (Li and Barres, 2018). Within the
retina microglia reside in the ganglion cell layer, in both plexiform layers, and around the blood vessels
(Chen et al., 2002).

The other two retinal glia — astrocytes and Muller glia — are grouped into a category called
macroglia based on their relatively larger size compared to microglia. The functions of these two cell
types will be discussed in depth later in the intro; however, fundamentally they serve as regulators of
neural homeostasis. Astrocytes, the most abundant glial cell type in the central nervous system, are
distinguished by their star-like morphology and exist in distinct, non-overlapping domains (Bushong et
al., 2002; Miller, 2018). In the retina they reside primarily in the nerve fiber layer containing RGC axons
and within the ganglion cell layer (Vecino et al., 2016). They also are a vital component of the optic nerve
head, the location where RGC axons pass out of the eye and form the optic nerve. In humans, the optic
nerve head consists of unmyelinated axons passing through a dense network of transversely oriented

astrocytes, within a network of collagenous beams called the lamina cribrosa (Morgan, 2000). The rodent



optic nerve head does not contain a true lamina cribrosa, though it does have a well-structured network of
astrocytes that envelop RGC axons (May and Lutjen-Drecoll, 2002). Thus, astrocytes are essential for the
maintenance of structure and function of RGC axons.

Muiller glia share many similar functions with astrocytes but have a distinct developmental origin
(Tworig and Feller, 2021). Muller cell bodies reside in the inner nuclear layer of the retina, near the
bipolar cells (Vecino et al., 2016). Uniquely, their radially oriented processes span the full thickness of
the retina, extending inwards to the nerve fiber layer and outwards to the photoreceptors. Their complex
processes closely interact with the neurons of the retina, ensheathing cell bodies and intertwining with the
dendritic connections between cells. This arrangement facilitates their important role in supporting

neuronal function.
1.2 Foundations of neuronal electrical activity

1.2.1 Establishing and maintaining the neuronal membrane potential

Neurons encode information as electrical impulses. To achieve this, neurons must carefully
regulate the composition of their membranes so that they are electrically excitable. Electrical potentials
are established by creating asymmetric gradients of charged ions across the cell membrane. The primary
ionic contributors this this gradient are sodium (Na*) and potassium (K*), with additional key
contributions from calcium (Ca?*) and chloride (CI") (Hodgkin and Huxley, 1952b; a; c; Neher, 1992).
Sodium ions are more highly concentrated outside of the neuron than inside, while potassium ions are
more highly concentrated inside. Asymmetric gradients of ions across a semi-permeable membrane
progress to an equilibrium potential, the point at which the motive forces of diffusion down a
concentration gradient and electrical forces due to the charged nature of the ions balances out. This
potential is unique for each ion based on its charge and concentrations on either side of the membrane. In
multi-ion systems such as across a neuronal membrane, the relative permeability of each ion determines
how strongly it contributes to the overall potential of the cell (Goldman, 1943; Hodgkin and Katz, 1949).

Importantly, the membrane is selectively permeable to potassium ions, meaning that a small amount is



able to flow across the membrane when the cell is at rest, which is called the leak current (Hodgkin and
Huxley, 1947). Because of this, the resting membrane potential of a neuron is strongly determined by the
equilibrium potential of potassium, driving it towards a potential of -80 mV relative to the extracellular
environment. Thus, alterations to the concentration of potassium can have profound impacts on the
electrical state of a neuron, a phenomenon which is leveraged later in this work.

Neurons are not static systems. As such, ionic gradients are constantly in flux and robust systems
must be in place to regulate and re-establish resting potentials. Often this task requires ions to be pumped
against their concentration gradient by protein complexes that utilize cellular energy in the form of
adenosine triphosphate (ATP). The sodium-potassium ATPase (Na*/K*-ATPase) is an enzyme found in
all cells, but particularly important in neurons, which actively transports sodium and potassium ions to re-
establish their proper concentrations on either side of the cell membrane (Skou, 1957). For each molecule
of ATP that it utilizes, the Na*/K*-ATPase exchanges three sodium ions outwards for two potassium ions
inward. These pumps are comprised of three different subunits and can exist in various different isoforms
(Clausen et al., 2017). The composition of these subunits can impact the kinetics of the enzyme function,
and vary by cell type as well as subcellular location (Clausen et al., 2017). Retinal ganglion cells contain
the alphal, alpha3, betal, and betal subunits (Wetzel et al., 1999). This expression is not uniform across
the cell; for example, there is greater expression of the alpha3 isoform in the axon bundles than in the
axon (Wetzel et al., 1999). This may reflect the differing demands imposed on the different compartments
of the retinal ganglion cell, a concept that will be explored in depth later in the context of disease.

Regulating membrane potentials is massively energetically demanding, and neurons can expend up
to three quarters of their total energy on running the Na*/K+-ATPase (Ames et al., 1992; Attwell and
Laughlin, 2001). Proper ATPase function is vital for the health and function of the neuron and even slight
disruptions could lead to dysregulation of the ion concentrations in the extracellular space, like potassium
which in homeostatic conditions is maintained at very low extracellular levels. To supplement the action
of neuronal Na*/K*-ATPase, neurons are positioned in proximity with glial cells which can provide

additional clearance capacity for elevated extracellular potassium concentration (Newman et al., 1984;
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Odette and Newman, 1988; Karwoski et al., 1989). Such a mechanism helps ensure that the extracellular
milieu remains properly regulated under homeostatic conditions. This arrangement is of particular

importance in times of increased stress on the neurons, a concept explored in depth later.

1.2.2 Action potential generation and propagation

The fundamental unit of signaling within a neuron is the action potential. The action potential is a
rapid depolarizing pulse in the membrane voltage that can be regenerated and propagated along the length
of a neuron. An action potential is initiated when the membrane potential of a neuron reaches a threshold
of depolarization. To reach this threshold, small excitatory and inhibitory input currents from other
neurons are summed together. This integration of inputs can adjust the likelihood and frequency of action
potential generation, making the neuron an integrator of inputs (Bean, 2007; Spruston, 2008).

Once the threshold potential is reached, a
Na* channels inactivate
K* channels open

series of activation and inactivation of ion n
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Time
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channels occurs in a stereotyped manner causing

the rapid depolarization, called the rising phase,
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Figure 1.4 Phases of the action potential
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rest, the ion-permeable pore of a voltage-gated sodium channel is blocked by an activation gate (de Lera
Ruiz and Kraus, 2015). At action potential initiation, these activation gates rapidly open and allow the
influx of sodium ions, raising the membrane voltage (Catterall, 2010). Once the voltage rises to the peak

of the action potential a second molecular gate on the sodium channel, the inactivation gate, rapidly closes
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and halts the flow of sodium across the membrane (de Lera Ruiz and Kraus, 2015). While the inactivation
gate is in place no additional action potentials can be initiated. Around this point voltage-gated potassium
channels, which have different activation kinetics than the sodium channels, open and allow rapid efflux
of potassium (Bean, 2007; Catterall, 2010). This potassium flow rapidly reverses the change in membrane
potential, causing it to polarize back towards more negative potentials. As the membrane voltage falls
enough, the gates of the voltage-gated sodium channel change conformation, removing the inactivation
gate and replacing the activation gate (Bean, 2007; de Lera Ruiz and Kraus, 2015). Due to higher
permeability of potassium the membrane potential will undershoot its resting potential, resulting in a
period known as the afterhyperpolarization (Sah and Faber, 2002). Typical membrane permeability is
then re-established, and the neuron is then capable of firing another action potential.

Action potentials are initiated in the axon of a neuron, proximal to the cell soma. At this site,
voltage-gated ion channels are clustered at a high density to facilitate the process described above
(Wollner and Catterall, 1986). A specialized complex of proteins, called the axon initial segment, binds
these voltage-gated channels and acts as a physical barrier that aids in the compartmentalization of the
neuron (Leterrier, 2018). The axon initial segment is anchored to the cell’s cytoskeleton, with the protein
ankyrin-G as a central scaffold upon which the remainder of the complex can be anchored (Kordeli et al.,
1995; Leterrier, 2016). The composition and structure of the axon initial segment plays a central role in
both generating and shaping the action potential (Bender and Trussell, 2012), and variations in this
structure can underly differences in spiking activity between cells. The axon initial segment is central to
this work for two key reasons. First, it is an early step in the establishment and maturation of neuronal
polarization (Rasband, 2010). That is, it marks the development of the axon and is central for proper
signaling in the central nervous system. Second, the axon initial segment can be a dynamic and plastic
structure that changes in response to physiologic and pathologic stressors (Grubb and Burrone, 2010;
Yamada and Kuba, 2016b; Jamann et al., 2021). Features such as the length or distance of the axon initial

segment from the cell soma influence the cell’s spiking output (Grubb and Burrone, 2010; Hamada et al.,
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2016; Raghuram et al., 2019; Fekete et al., 2021), and can shift to alter cellular excitability. Both concepts
are explored in depth in later chapters.

In addition to being the site of action potential generation, the axon is responsible for conducting
the action potential along its length to the terminus of the neuron. It must maintain the fidelity of the
signal without loss of amplitude or frequency of action potential spikes. Neurons are relatively poor
conductors of electricity on their own, and an action potential will degrade over a short distance if not
renewed (Kress and Mennerick, 2009). Thus, action potentials are fired repeatedly along the full length of
the axon. Due to the inactivation of sodium channels, there is a refractory period during which a segment
of membrane cannot fire another action potential. This allows for unidirectional propagation toward
regions of the membrane that are not refractory. The speed of conduction along an axon is affected by the
dimensions of the axon itself (Gasser and Erlanger, 1927), with larger diameter neurons having faster
conduction. Most important for the speed of conduction, however, is myelination of axon fibers
(Suminaite et al., 2019). Myelin is an insulting material that surrounds the axon, formed in the central
nervous system by glial cells called oligodendrocytes. This insulation decreases the axon’s capacitance
and dramatically increases the electrical conduction speed. The myelination is interrupted at regular
intervals at points called Nodes of Ranvier, where voltage-gated ion channels are clustered to allow for
the regeneration of the action potential (Rasband and Peles, 2015). In addition to increasing conduction
speed myelin decreases the metabolic demand of neurons, increasing their efficiency (Neishabouri and
Faisal, 2011).

There is considerable cell-cell variability in these factors affecting action potential generation and
propagation, leading to a diversity in intrinsic physiologic properties. VVoltage-gated sodium and
potassium channels are families of channels made up of subtypes, each of which has unique properties
that shape neuronal excitability (Catterall et al., 2005; Kim and Nimigean, 2016). In mammals there are
ten identified isoforms of voltage-gated sodium channels (Nay), which are differentially expressed in
different tissues (Catterall et al., 2005). Of these, Nay1.1, Nav1.2, Nay1.3, and Nay1.6 have been found in

the central nervous system, including the retina (Fjell et al., 1997; Caldwell et al., 2000; Boiko et al.,
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2003; Van Wart et al., 2005; Engelmann et al., 2008; Catterall, 2012). Retinal ganglion cells in particular
express significant amounts of Nayv1.1, Nay1.2, and Nav1.6 (Mojumder et al., 2007). The isoform Nav1.6
is critical for the initiation and propagation of action potentials (Rush et al., 2005; Engelmann et al., 2008)
and densely localized to the axon initial segment and at Nodes of Ranvier (Caldwell et al., 2000; Akin et
al., 2015). Nav1.1 is found primarily in the cell body, while Nay1.2 is located in unmyelinated or pre-
myelinated axons (Catterall et al., 2010). Nay1.2 is activated at higher voltages than Nay1.6 and plays an
important role in modulating neuronal excitability (Lena and Mantegazza, 2019).

There are numerous different subtypes of potassium channels that play diverse roles in modulating
neuronal electrical activity. In retinal ganglion cells, inwardly rectifying K* (Ki;), ATP-sensitive K*
(KATP), tandem-pore domain K* (TASK), voltage-gated K* (K,), ether-a-go-go (Eag) and Ca?*-activated
K* (Kca) channels have been detected (Zhong et al., 2013). Of note, Kj and TASK channels affect the
resting membrane potential and modulate RGC excitability, K, channels modulate the falling phase,
shape, and frequency of action potentials, and Kca channels are important regulators of a neuron’s
capacity for repetitive firing (Zhong et al., 2013). Alterations in the expression of voltage-gated sodium
and potassium channels can affect the electrical properties of neurons and impact their role in a neural
circuit. Furthermore, pathologic insults to these channels could have profound impacts on proper neural
function. A subset of these potassium channels responsible for mediating cellular excitability and

repetitive firing are of particular interest to this work and discussed in more depth later.

1.2.3 Experimental measurements of neuronal electrical activity

Significant insight into the electrical activity of neurons has been gained through a technique
known as patch clamp electrophysiology. By using electrodes placed inside small glass tubes pulled out
to a microscopically thin tip, electrical measurements of individual cells can be done. Depending on the
configuration of this setup, a variety of different measurements can be done. All the electrophysiologic
data presented in this work was done using the whole-cell recording configuration (Van Hook and

Thoreson, 2014). To achieve this, a fluid-filled glass pipette with a tip diameter of just a few micrometers

14



is brought into proximity of a neuron viewed under a microscope. The pipette fluid is carefully matched
to approximate the intracellular ionic environment. During the approach, gentle positive pressure is
applied to prevent material from being sucked up into the pipette. When the pipette is immediately
adjacent to the cell membrane the positive pressure is released and a seal is formed between the
membrane and pipette tip. To establish whole-cell configuration a brisk pulse of negative pressure is
applied, breaking through the membrane. This brings the intracellular compartment into electrochemical
continuity with the inside of the pipette where the electrode resides, with low enough resistance to
measure electrical potential differences between the inside of the cell and a reference electrode placed in

the extracellular solution (Fig. 1.5).

r---- - - - - - -- - - - - = A
| |
| I
| [
] Negative |
| Pressure I
| — [
| I
| [
| [
L - - e e e e e e e e e e e — = -

Figure 1.5 Schematic of the whole cell patch clamp configuration

To achieve whole cell patch clamp configuration, a small micropipette is brough into close
proximity of the neuron soma (left). A strong seal is formed between the pipette and the cell
membrane (inset, left). Then a quick pulse of negative pressure breaks the membrane, creating
electrochemical continuity between the pipette and the intracellular space (inset, right).

After establishing whole-cell configuration, two basic types of measurements can be made (Van
Hook and Thoreson, 2014). The intracellular compartment becomes part of a larger circuit under the
control of the experimenter. To measure the voltage across the neuronal membrane, the experimenter
must hold the net current across the membrane constant, in a setup known as current clamp. Likewise,
currents in and out of the cell can be determined by holding the voltage steady, known as voltage clamp.

During these recordings various stimuli can be applied to the cell as the experimenter measures the
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resultant change in voltage or currents. Clamping can also be used to stimulate the cells, by rapidly
changing the voltage or current at which a cell is being held and measuring the resultant electrical
changes. Furthermore, this configuration allows for manipulation of the makeup of the intracellular and
extracellular solutions. In this work, current-clamp recordings of the membrane voltage are done during
both light stimulation and during brief pulses of depolarizing current. Additionally, the extracellular ionic
composition is altered to challenge the cells with potentially pathologically relevant stimuli. This
powerful methodology facilitates careful experimentation on the factors underlying typical

neurophysiology and can offer insight into pathophysiological mechanisms altering neuronal excitability.
1.3 Neuron-Glia interactions

1.3.1 Physiologic functions of astrocytes and Miller glia

The two macroglia of the retina, astrocytes and Mdller glia, have numerous and diverse functions.
Fundamentally, they can be characterized as homeostatic support cells for neurons and neuronal
networks. There is much overlap between the roles of astrocytes and Muller glia, though their cell bodies
reside in different regions of the retina (Hollander et al., 1991). Shared duties of these cells include
establishing the blood-retinal barrier (Tout et al., 1993; Wareham and Calkins, 2020), regulating the
extracellular ionic environment (Karwoski et al., 1989; Kofuji and Newman, 2004), and providing
metabolic support to neurons (Rouach et al., 2008; Toft-Kehler et al., 2018; Cooper et al., 2020). Despite
the importance of astrocytes in regulating synaptic signaling between neurons elsewhere in the central
nervous system, Muller glia are more closely located to the synapses of the retina and largely carry this
responsibility (Newman, 2004).

Like other regions in the central nervous system, the barrier between the retina and the bloodstream
is tightly regulated to selectively control the substances that can cross from the periphery into the neural
tissue (Diaz-Coranguez et al., 2017). Both astrocytes and Muller cells tightly wrap around retinal blood
vessels, forming a physical barrier and containing proteins that allow for selective transport of materials

into the retina (Cabezas et al., 2014; Diaz-Coranguez et al., 2017). Their association with both blood
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vessels and neurons allows glia to couple neuronal energetic demand to blood flow and the delivery of
nutrients (Pellerin and Magistretti, 1994; Kasischke et al., 2004; Newman, 2015; Mahmoud et al., 2019).
In addition to offering metabolic support, retinal glia further support neuronal activity by aiding in the
regulation of the contents of the extracellular space. Sustained, repetitive firing of action potentials leads
to a buildup of extracellular potassium ions that can exceed the capacity of neuronal Na*/K*-ATPase
(Larsen et al., 2016). Prolonged potassium elevation can disrupt the normal electrical activity of neurons
and even lead to degeneration (Zhao et al., 2021). Retinal glia supplement potassium clearance by
expressing channels that allow concentration-dependent uptake of excess ions (Newman et al., 1984;
Odette and Newman, 1988; Karwoski et al., 1989; Kofuji and Newman, 2004; Wallraff et al., 2006).
Importantly, the homeostatic capacity of retinal macroglia is shared among numerous cells so that no

single astrocyte or Miller cell is overwhelmed.

1.3.2 Connectivity of astrocytes in the retina and optic nerve

The physiologic influence of astrocytes on neurons is potentially quite topographically broad
because astrocytes are densely interconnected via gap junctions. Gap junction-to-gap junction connections
allow astrocytes to function as a far-reaching syncytium, rather than being isolated as single cell units.
Through these networks, astrocytes accomplish diverse tasks such as providing metabolic substrates in
the form of lactate to neurons and regulating the extracellular ion gradients through spatial buffering.

Gap junctions directly connect neighboring cells, conducting inter-cell communication through
electrical currents and the direct passage of small molecules. Gap junctions are formed from a large
diversity of connexin (Cx) proteins. These proteins are assembled as complexes of six subunits, which are
known as connexons. The connexons are inserted into the cell membrane and can then link adjacent cells
via three main types of gap junction connections. First, gap junctions may be formed by two connexons
both consisting of the same proteins (homotypic). Second, gap junctions may form between two distinct

connexons, where each contains six of the same Cx proteins (heterotypic). Third, the composition of each
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individual connexon may be mixed (heteromeric) and form any variety of connection (for review see
(Koval et al., 2014)).

Connexins are expressed by a variety of cells across different tissues. Within the central nervous
system (CNS), connexins are expressed widely by glial cells and a subset of neurons (Sohl et al., 2005).
Macroglia, predominantly astrocytes and oligodendrocytes, have strong connexin expression and form
gap junction networks that allow them to function as a “panglial syncytium” (for a detailed review of glial
connexins, see (Giaume et al., 2021)). There is a diversity in connexin type and distribution across this

glial network. Such diversity necessitates a detailed understanding of the connexin makeup for targeted

therapeutic intervention. Gap Junction

Astrocytes in both the human and
rodent CNS predominately express Cx30 and Q! | ..,

Cx43, which are heterogeneously distributed

in different brain regions (Koulakoff et al.,
2008). For example, the ratio of Cx30 to

Cx43 is higher in the thalamus than other

regions, such as the cortex (Griemsmann et

Figure 1.6 Schematic cross section of the rodent optic
nerve head demonstrating Cx43 gap junctions

Optic nerve astrocytes (dark green) are arranged in a network that
lies perpendicular to the direction of axons (yellow). These cells
are interconnected via gap junctions composed of two adjoining

al., 2015). Conversely, Cx43 dominates

white matter tracts, such as in the optic

nerve (Nagy et al., 1999). The dense hexamers of Cx43 (light green), as shown in the inset. The
) ) junctions allow for electrical coupling and the passage of
network of astrocytes in the optic nerve molecules up to ~1.2 kilodaltons in size from cell to cell.

head is highly linked by Cx43 gap junctions (Fig. 1.6). Connections between two astrocytes are mediated
by homotypic gap junctions (either Cx30/Cx30 or Cx43/Cx43), whereas connections between astrocytes
and other cell types, primarily oligodendrocytes, are mediated by heterotypic gap junctions (Orthmann-
Murphy et al., 2007). Astrocytic Cx43 also form structures known as hemichannels. Hemichannels are
formed when a connexon inserts into the membrane of one cell with no binding partner on another cell,

acting as a potential conduit between the intracellular and extracellular space. While hemichannels are
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important components of gliotransmission (glial-mediated release of neurotransmitters) in the central
nervous system (Abudara et al., 2018), their role in the retina and optic nerve is better understood within
the pathophysiologic context and will be discussed later. The remainder of this chapter focuses on
astrocyte functions that are in part dependent upon gap junction-mediated networks, including the

provision of metabolic substrates to neurons and the buffering of the contents of the extracellular space.

1.3.3 Astrocytic redistribution of metabolic resources

Astrocytes are the only significant source of glycogen in the brain. Increased neuronal metabolic
demand prompts astrocytes to break down their glycogen stores, undergo glycolysis, and donate lactate to
the neurons for energy (Kasischke et al., 2004; Rouach et al., 2008; Herrero-Mendez et al., 2009; Jakoby
et al., 2014; Mongeon et al., 2016; Supplie et al., 2017). Astrocytic glycogen supports the metabolic
demands of both physiological synaptic signaling and action potential propagation, and acts as a reservoir
of metabolic substrates when neurons are stressed. A large body of evidence supports the theory that
astrocytes are a primary supplier of energy to highly active neurons through the astrocyte neuron lactate
shuttle (Cali et al., 2019). Astrocytes undergo aerobic glycolysis and produce L-lactate, which is passed to
neurons through monocarboxylate transporters. Monocarboxylate transporters are ubiquitously expressed
plasma membrane proteins responsible for carrying molecules with one carboxylate group, including the
key metabolites lactate and pyruvate, across the cell membrane. The transporters are expressed by both
astrocytes and neurons, allowing for the shuttling of lactate from one cell to the other. The release of
lactate from astrocytes is positively correlated with neurotransmission, indicating that the release is
regulated by neuronal metabolic demand. At excitatory synapses, the uptake of glutamate by astrocytes
stimulates glycolysis and lactate production within the astrocytes (Pellerin and Magistretti, 1994),
allowing for delivery of metabolites to supplement the increased metabolic needs of neurons during
excitation (Machler et al., 2016). Neurons convert this lactate into pyruvate for use in oxidative
metabolism, producing abundant adenosine triphosphate (ATP). Astrocytic lactate release appears to be

especially important in times of prolonged metabolic demand or transiently decreased metabolic supply
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from the bloodstream. With prolonged stimulation of neurons there is early oxidative metabolism, which
is subsequently sustained over time by activation of the astrocyte neuron lactate shuttle (Kasischke et al.,
2004). In many diseases, including glaucoma, neuronal hyperactivity and metabolic dysregulation are
early subclinical features (Risner et al., 2018; Cooper et al., 2020). Thus, the astrocyte neuron lactate
shuttle represents a protective force against these early stressors.

Physiologically, astrocytic lactate supply is vital for various neuronal processes, including plasticity
and recovery after stress (Suzuki et al., 2011). The stimulation of lactate release is required for the
establishment of long-term potentiation (LTP) at glutamatergic synapses in the hippocampus (Gao et al.,
2016). The astrocyte neuron lactate shuttle is also important for stressed tissue. If neural white matter
tissue is exposed to conditions simulating transient ischemia, astrocytic glycogen stores can sustain
axonal function for a period. Depletion of astrocytic glycogen rapidly accelerates the decline in function
(Brown et al., 2003), highlighting an important defense against ischemic conditions.

Interestingly, glycogen is not uniformly distributed throughout the brain (Brown, 2004). Such
regional variability could lead to a topographic imbalance in the size of metabolic reservoir, increasing
the vulnerability of certain regions to metabolic stress. However, the astrocytic glycogen stores are not
sequestered to just local availability and can be redistributed according to metabolic needs. Cx43 gap
junctions allow the nonselective passage of molecules up to ~1-1.2 kilodaltons in size including a number
of metabolically significant molecules, notably glucose (Harris, 2007).

Astrocytic metabolic networks play a key role in supporting neural activity. Glucose trafficking
through astrocyte gap junctions plays an important role in maintaining hippocampal synaptic activity
(Rouach et al., 2008). Importantly, in the retina and optic nerve glycogen stores can redistribute over a
long distance to support neural function in response to acute and chronic stress (Cooper et al., 2020).

The transfer of glucose between astrocytes is driven by a concentration gradient (Rouach et al.,
2008), allowing nutrient-rich regions to supply regions with high demand. In a similar manner to the
mechanism described in lactate production, neural activity mediated regulation of metabolite transfer is

reported. For example, astrocytes are suggested to exhibit greater Cx43 expression in co-culture with
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neurons than in monoculture (Koulakoff et al., 2008). Furthermore, excitotoxic treatments triggering
neuronal death in vivo lead to a downregulation of connexins in astrocytes located in close proximity to
dying neurons (Koulakoff et al., 2008). The activity of neurons directly influences astrocytic regulation of
Cx43 gap junctions (Hasel et al., 2017).

The mechanism by which this occurs appears to be related to synaptic signaling. Synaptic activity
has been directly linked to upregulation of gap junctional communication (Rouach et al., 2000).
Excitatory neuronal transmission increases extracellular glutamate and potassium levels, which in turn
enhances gap junctional coupling between astrocytes (Enkvist and McCarthy, 1994). Activity-dependent
enhancement of coupling is accomplished by post-translational modification of Cx43 channels, increasing
the number of active channels within gap junction plaques (Rouach et al., 2000; De Pina-Benabou et al.,
2001). Such regulation has important physiological consequences. Blocking gap junctions
(pharmacologically and genetically), as well as flooding the astrocytic network with metabolically inert
D-lactate prevents long-term potentiation (LTP) in mouse cortex, thus eliminating an important
component of synaptic plasticity (Murphy-Royal et al., 2020). Local delivery of high levels of L-lactate,
the metabolically active enantiomer that can be utilized by neurons, rescues the phenotype and allows for
the re-establishment of LTP independent of astrocytic networks (Murphy-Royal et al., 2020). The
importance of astrocytic Cx43 for sufficient lactate delivery suggests individual astrocytes are unable to
meet the energy demands required for synaptic plasticity and other energetically intensive processes;
rather, broad metabolic networks are required to meet such demands. Further, it illustrates that this
connectivity is dynamically modulated by neuronal metabolite insufficiency.

As a response to insufficient neuronal metabolites, astrocytes can regulate cerebral blood flow and
coordinate this regulation broadly though gap junctional networks. Propagation of calcium waves
through astrocytic gap junctions controls arteriolar dilation and thus regional blood flow (Munoz et al.,
2015; Charvériat et al., 2017). Such coordination is important for maintaining sufficient blood flow, and
thus nutrient delivery, in the face of challenges to perfusion. In the eye, targeted miRNA knockdown of

glial Cx43 expression compromises the reactivity of both arterioles and venules to challenges to ocular
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perfusion (Liu et al., 2021). Regulation of central nervous system blood flow is a key function and an
important mechanism for supporting neuronal metabolism during the changing balance between

metabolic supply and demand.

1.3.4 Astrocyte networks and extracellular buffering

Astrocytes tightly regulate extracellular concentration of ions and neurotransmitters used for
synaptic transmission. Glutamate and potassium are two important examples of such products whose
concentrations are tightly regulated by astrocytes. Astrocytic glutamate uptake is the main route of
glutamate clearance from the excitatory synapse, and the primary mechanism by which the
neurotransmitter is recycled (Bergles and Jahr, 1998; Anderson and Swanson, 2000; Mahmoud et al.,
2019). The uptake of glutamate against its concentration gradient is mediated by sodium-dependent
transporters, primarily GLT-1 and GLAST (Rothstein et al., 1996). These proteins take in three Na* and
one H* with each molecule of glutamate, while one K* ion is transported outwards (Levy et al., 1998).

Astrocytes also dynamically modulate extracellular potassium through both active and passive
means. Mechanisms for potassium flux include Na/K—ATPase pumps, Na/K/Cl cotransporters, and
inwardly-rectifying potassium channels (mainly K;4.1) (Kofuji and Newman, 2004; Larsen et al., 2014).
Astrocytic potassium regulation is essential for regulating synaptic firing and plays a role in modulating
neural network firing dynamics (Wang et al., 2012; Pacholko et al., 2020). Deficiencies in this regulation
can lead to aberrant neuronal excitability in the setting of elevated local extracellular potassium
concentrations (Kocsis et al., 1983).

Astrocytes contribute to the maintenance of the extracellular space through spatial buffering, in
which local extracellular increases of a metabolite can be countered by a dispersion to regions of lower
concentration (Newman et al., 1984; Odette and Newman, 1988; Karwoski et al., 1989). Gap junctions
allow for the expansion of buffering responsibility across a network of cells. Buffering through astrocytic
networks increases the capacity for removal of excess K+ and glutamate, limiting the accumulation

during periods of increased neuronal firing. In the hippocampus, this helps to tone down neuronal
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excitability. Eliminating these networks through genetic deletion of connexin proteins stresses the
buffering capacity of individual astrocytes, leading to cell swelling and decreased uptake (Pannasch et al.,
2011). The neuronal consequences of this disconnection are increased excitability, higher presynaptic
release probability, and alteration of the postsynaptic receptor composition. However, some coupling-
deficient astrocytes may have a large capacity for K+ clearance, as measured by the rate of change in
extracellular potassium concentrations during stimulation (Wallraff et al., 2006). Still, pathological insults
may tip the scale; mice without astrocytic coupling show an increased susceptibility to experimental
generation of epileptiform events (Wallraff et al., 2006).

The importance of gap junctional coupling extends beyond local ionic redistribution. Neuronal
activity causes a depolarization of the astrocyte cell membrane. The electrical coupling of adjacent cells
through gap junctions minimizes the magnitude of depolarization in any individual cell, allowing for the
efficient maintenance of the electrochemical driving force responsible for potassium and glutamate uptake
(Maetal., 2016). An intact astrocytic network allows astrocytes to function more efficiently, regulating
local increases in extracellular glutamate and potassium and preventing highly active or diseased neurons
from inducing aberrant excitability in neighboring cells. Dysregulation of extracellular glutamate and
potassium places immense stress on neurons and can be neurotoxic. Astrocytes are essential to the
regulation of these molecules, and astrocytic networks provide an additional protective buffer against this
stress. Disruption of the network could serve to amplify even small pathologic insults, making these

networks potentially quite relevant in neurodegenerative disease.
1.4  Glaucoma and other optic neuropathies

1.4.1 Diseases of the optic nerve

The optic nerve is formed by the axons of the retinal ganglion cells (RGCs) as they bundle together
near the posterior pole of the eye and pass out of the globe. Of particular importance is the region at
which axons pass out through the scleral connective tissue of the eye, in a structure known as the optic

nerve head. Here, axons take a right angle turn and pass through an organized support scaffolding. In
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humans this is known as the lamina cribrosa, a combination of perpendicularly oriented astrocytes and
collagenous beams (Elkington et al., 1990; Morgan, 2000). Mice lack a true lamina cribrosa with the
collagenous beams but do still have a dense network of astrocytes forming the optic nerve head (May and
Lutjen-Drecoll, 2002). From there, RGC axons travel together postero-medially beyond the orbit, where
they join up with the contralateral optic nerve in a structure called the optic chiasm. At the chiasm, a
portion of the axons cross the midline while others remain ipsilateral. The degree and nature of this
crossing is dependent upon species (Neveu and Jeffery, 2007). Organisms that have more binocular
vision, like humans and other primates, have a higher degree of axons remaining ipsilateral whereas
organisms with less binocular overlap, such as mice, have a greater proportion of axons crossing midline.
After the chiasm the fibers travel towards central targets where RGC axons synapse onto nuclei in the
thalamus, midbrain, and more.

Damage to RGC axons at any point along the optic nerve can lead to vision loss. Optic neuropathy,
or the loss of axons in the optic nerve, can result from damage within the eye, at the optic nerve head, or
along the full path of RGC axons to the brain (Feldman et al., 2022). The etiologies, or causes, of optic
neuropathy are broad and diverse. Damage can result from direct or indirect trauma, inflammation,
infection, ischemia, toxins, nutritional deficits, compression of the nerve, radiation, or genetic diseases
(Osborne and Balcer, 2021). Two of the most common underlying causes (besides glaucoma) are
ischemic optic neuropathy and optic neuritis (Osborne and Balcer, 2021).

Ischemic optic neuropathy, which is more common in older individuals, occurs as a result of
inadequate blood flow to the optic nerve (Hayreh, 2009). Cases of ischemic optic neuropathy occur most
frequently in the anterior portion of the optic nerve, near the optic nerve head, in regions that receive
blood supply from branches of the posterior ciliary artery (Hayreh, 2001; 2009). Disruption of blood flow
can occur from periods of hypoperfusion (Hayreh, 2004), thromboembolic events (Lieberman et al.,
1978), or from inflammatory conditions that damage the blood vessels directly (Hayreh et al., 1998).
Ischemic optic neuropathies result in pallor and swelling of the optic disc on exam, and frequently results

in irreversible damage to the optic nerve with consequent vision loss (Osborne and Balcer, 2021).
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Optic neuritis, seen most in younger individuals, is an inflammatory condition in which the
immune system attacks the tissue of the optic nerve (Hickman et al., 2002; Petzold et al., 2014; Osbhorne
and Balcer, 2021). It is most frequently associated with the condition multiple sclerosis, an autoimmune
disease affecting the myelin sheath of axons, but can also be the result of other conditions (Petzold et al.,
2014). Optic neuritis most frequently occurs unilaterally, resulting in partial or total vision loss. In most
cases the course is self-limiting, with most patients recovering vision within a few weeks (Beck and Gal,
2008). However, the condition often reoccurs if the underlying condition is not appropriately managed
(Beck and Gal, 2008).

Glaucomatous optic neuropathy

(glaucoma), the focus of this work, is the Traiecikar Wes/iwork

leading cause of irreversible vision loss Episcleral Veins
worldwide and is projected to affect an

Ciliary Body
estimated 111.8 million by the year 2040
(Tham et al., 2014). Glaucoma is a distinct

group of neurodegenerative conditions that

involve the progressive dysfunction and Figure 1.7 Aqueous humor production and drainage
A schematic representation of the flow of aqueous humor (yellow

loss of retinal ganglion cell axons, often as  arrows) as it is produced by the ciliary body, flows into the
anterior chamber, and is drained via the trabecular meshwork and
a result of sensitivity to intraocular pressure uveoscleral outflow pathways.
(IOP) (Calkins, 2012; Calkins and Horner, 2012; Nickells et al., 2012). The major component of 10P that
can vary from person to person comes from a fluid called the aqueous humor, which fills the anterior
chamber of the eye between the cornea and the lens. This fluid is in a balanced state between production,
in a structure called the ciliary body, and drainage through multiple outflow pathways (Goel et al., 2010;
Roy Chowdhury et al., 2015) (Fig. 1.7). In many cases of glaucoma patients have elevated IOP, which
conveys mechanical stress back through the eye to the axons as they pass through the optic nerve head

(Downs, 2015). However, this is not the case for all patients as glaucoma can result from a diverse set of

etiologies as discussed in the next section. Regardless of the cause, untreated glaucoma results in the
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irreversible loss of axons in the optic nerve, which leads to visual field loss and can result in complete

vison loss.

1.4.2 Etiologies of glaucoma

The causes of glaucoma can be grouped into two broad categories: open-angle glaucoma and
closed-angle glaucoma (Weinreb et al., 2014). This designation refers to the angle between the cornea and
the iris in the anterior chamber, the site in which aqueous humor drainage occurs. In closed-angle
glaucoma, this drainage pathway becomes acutely obstructed, leading to rapid rise in IOP that can be
painful. Factors increasing the risk of developing closed-angle glaucoma are Asian descent, female sex,
and older age (Zhang et al., 2020). Open-angle glaucoma, which does not feature this blockage of the
iridocorneal angle, is by far the most common variant in the United States (Friedman et al., 2004; Day et
al., 2012). Open-angle glaucoma can develop either as a primary disease or as a secondary disease,
resulting from some other insult such as corticosteroid use (Kersey and Broadway, 2006), trauma (De
Leon-Ortega and Girkin, 2002), inflammation (Merayo-Lloves et al., 1999), or other conditions like
pigment dispersion or pseudo-exfoliation (Weinreb et al., 2014; Plateroti et al., 2015; Scuderi et al.,
2019). The other types of open-angle glaucoma are primary open angle glaucoma (POAG) and normal
tension glaucoma (NTG).

In POAG an imbalance develops between aqueous humor production and drainage, leading to
elevated intraocular pressure. Contrary to acute angle closure, pressure elevation is more moderate and
painless (Kass et al., 2002). This pressure over time stresses the retinal ganglion cell axons and leads to
slow but progressive vision loss. Besides elevated 10P, major risk factors for the development of POAG
include a family history of the disease, older age, and being of African descent (Moyer and Force, 2013).
NTG, on the other hand, is a form of open-angle glaucoma that is associated with normal IOP (Killer and
Pircher, 2018). It shares many clinical features with POAG and has a similar progression of RGC
degeneration and painless visual field loss. There are a few hypotheses for the mechanisms of NTG, in the

absence of mechanical stress imposed by abnormally high pressure (Killer and Pircher, 2018). The first
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theory is that individual variation may make certain people more susceptible to the stress of IOP, even
within “normal ranges” (Chen et al., 2015). It is also hypothesized that NTG is linked to dysregulated
blood flow at the optic nerve, less severe than ischemic optic neuropathy but enough to lead to a chronic
mismatch in supply and demand (Flammer, 1994). Finally, stress may be imposed on the lamina cribrosa
by an imbalance between IOP on the ocular side and the pressure of cerebrospinal fluid on the brain side
(Price etal., 2020a). It’s likely that more than one, if not all, of these factors contribute to the
pathophysiology of NTG (Killer and Pircher, 2018).

There are also several genes linked to the development of glaucoma including myocilin (Stone et
al., 1997), optineurin (Rezaie et al., 2002), and WD repeat domain 36 (Monemi et al., 2005). However,
these monogenic causes make up a small percentage of the total cases of glaucoma, while the remaining
primary glaucoma cases are thought to be polygenic (Kwon et al., 2009). Despite the varied causes of
glaucoma many cases have similar resultant pathologies and progression of symptoms, with shared

mechanisms of RGC degeneration.

1.4.3 Clinical presentation of glaucoma

The early clinical stages of glaucoma may go unnoticed by patients. It is estimated that only 10-
50% of all people with glaucoma know that they have it (Rotchford et al., 2003; Hennis et al., 2007,
Sathyamangalam et al., 2009; Leite et al., 2011; Budenz et al., 2013). In severe stages, patients may
notice loss of their visual field, particularly in the periphery, though more subtle deficits may also be
present (Hu et al., 2014). Importantly, by the time noticeable symptoms develop patients have already
irreversibly lost a significant portion of their retinal ganglion cells (Kerrigan-Baumrind et al., 2000).
However, most glaucoma detected early is noted on exam by a clinician before a patient notices
symptoms.

On fundoscopic exam glaucoma presents with cupping of the optic disc, which is the optic nerve
head as viewed from the clinician’s perspective (Weinreb and Khaw, 2004). This cupping occurs due to

loss of RGC axons, which come together to form the optic nerve at that point. As they degenerate, the
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nerve fiber layer thins and leaves an empty space, the “cup”. Next, during the exam intraocular pressure is
typically measured as well. As previously discussed, many but not all forms of glaucoma are associated
with elevated IOP so this is an important diagnostic step. Additionally, a clinician will examine the
anterior segment of the eye for signs related to and/or causative of elevated IOP (Cohen and Pasquale,
2014). POAG will not present with remarkable findings on anterior segment exam but causes such as
closed-angle glaucoma or exfoliation glaucoma will be evident.

Further diagnostic testing can be done to aid in the diagnosis of glaucoma and to track disease
progression. Visual field testing done in each eye can be used to detect regions of vision loss and monitor
disease progression over time (Broadway, 2012), although its utility in early diagnosis may be limited
(Quigley et al., 1992). Structural measurements of the ganglion cell layer and nerve fiber layers can also
be made, using an imaging technology called optical coherence tomography (OCT). Glaucoma results in a
measurable thinning of these layers, and OCT is a sensitive tool for diagnosis and monitoring glaucoma
progression (Bussel et al., 2014). Early detection of glaucoma is key, as intervention before significant

tissue loss can help preserve vision and maintain quality of life (Kass et al., 2002; Leske et al., 2007).

1.4.4 Hypotensive therapies and the need for neuroprotection

Intraocular pressure is the only modifiable risk factor for glaucoma, and the only target of currently
approved therapies. Lowering of 10P, even in patients with NTG, has been demonstrated to significantly
slow or prevent the progression of vision loss (Kass et al., 2002; Anderson and Normal Tension
Glaucoma, 2003; Leske et al., 2007). For open angle glaucoma, hypotensive therapy is achieved using
pharmacological and surgical approaches.

Pharmacologic treatments are targeted to either decrease the production or increase the drainage of
the aqueous humor. These are typically delivered to the eye by topical application of eye drops. The most
common first line class of drugs utilized is prostaglandin analogues, such as latanoprost (Stein et al.,
2021). Though the mechanism is incompletely understood, these are thought to work by causing changes

in the extracellular matrix of the uveoscleral aqueous outflow pathways, increasing drainage (Toris et al.,
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2008). Other classes of drugs work by increasing aqueous drainage through the other outflow pathway,
the trabecular meshwork (Woodward and Gil, 2004). These include drugs that cause pupil constriction,
cholinomimetics such as pilocarpine, as well as alpha2 adrenergic agonist drugs like brimonidine. A
newer class of drugs, Rho kinase inhibitors such as ripasudil, also act by increasing the outflow of
aqueous (Inoue and Tanihara, 2013). Brimonidine also targets the other end of agueous humor dynamics
by decreasing aqueous humor production (Toris et al., 1995). Other classes of drugs that share this
mechanism are topical beta blockers, like timolol (Zimmerman, 1993), and carbonic anhydrase inhibitors,
like acetazolamide (Stoner et al., 2022). Combined formulations of these drugs are also often used, with
the goal of acting on multiple pathways to reduce 10P.

In more severe or treatment-resistant cases of open-angle glaucoma, various surgical approaches
can be used to lower 10P. The least invasive of these methods is laser trabeculoplasty, in which pulses
from a laser are targeted at the trabecular meshwork. Laser treatment can lead to significant and sustained
decreases of IOP by increasing aqueous outflow (Wong et al., 2015). In other severe cases with
persistently high IOP, incisional approaches can be taken to lower pressures. These include
trabeculectomy, or the creation of a new outflow path, and the placement of aqueous drainage devices
(Investigators, 2000). More recent surgical options are less invasive. Called microinvasive glaucoma
surgery (MIGS), these surgical approaches are targeted at lowering 10P while minimally disrupting the
ocular tissue. These can be very effective and involve fewer complications (Fellman et al., 2020).

Despite the numerous effective tools available for lowering IOP, there is a persistent need for the
development of new therapeutic tools. Even with clinically optimal IOP management many patients will
continue to experience disease progression and vision loss (Heijl et al., 2002). As with other
neurodegenerative diseases, much emphasis has been placed on the importance of developing
neuroprotective treatments (Wareham et al., 2020). In order to modify the irreversible and vision-
threating aspect of the disease, the loss of retinal ganglion cells, treatments must be developed that can

protect cells from degenerating in response to glaucomatous stress. Development of such therapies
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requires an intimate understanding of ganglion cell physiology and mechanisms of degeneration, as well

as the protective and maladaptive roles played by all the cells in the retina.
1.5 Early pathophysiologic changes in glaucoma

15.1 Modeling glaucoma in rodents

Modeling glaucoma in animals allows for careful investigation of the mechanisms of glaucomatous
degeneration. A wide variety of organisms has been used, including primates (Burgoyne, 2015), dogs
(Kuchtey et al., 2011), cows (Gerometta et al., 2004), and zebrafish (Skarie and Link, 2008). Rodents,
especially mice, are a popular model organism owing to the ease of genetic manipulation and the wide
variety of available tools. Mouse models of glaucoma typically involve either genetic mutations, leading
to a slow, age-dependent increase in intraocular pressure (IOP), or extrinsic manipulations causing acute
IOP elevations.

The most used chronic genetic model of glaucoma is the DBA/2J mouse, which develops a form of
pigment dispersion glaucoma. In these mice, mutations in the glycosylated protein nmb (Gpnmb) and
tyrosinase-related protein 1 (Tyrplb) genes lead to iris stromal atrophy, with intermediates of pigment
production to leaking out and obstructing aqueous humor outflow (Anderson et al., 2002). The result is an
age-dependent increase in IOP, with pressures reaching significant elevation by about 8 months of age
(Libby et al., 2005). Over time these mice develop significant axonal degeneration and RCG loss.
However, there is individual variability in the progression of the disease, with a distribution of pressures
and pathology (Inman et al., 2006). Further considerations for using this model include the difficulty in
additional genetic manipulation and the longer experimental timeline as the mice must be aged for
months. Because of these, alternative inducible models of glaucoma have been developed.

Acutely inducible glaucoma models carry the advantage of being able to be done in a variety of
different species and genetic backgrounds. These models typical involve manipulation of aqueous humor
dynamics to increase IOP to varying degrees and over varying timelines (Pang and Clark, 2020). There

are also pressure independent models, such as optic nerve crush or retinal ischemia/reperfusion injury,
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which cause damage to RGCs but do not accurately recapitulate many features of human glaucoma
(Lafuente etal., 2002; McGrady et al., 2022).

An early strategy for inducible modeling of glaucoma in rodents involves the injection of
hypertonic saline into the episcleral veins (Morrison et al., 1997). This causes considerable sclerosis and
obstruction of aqueous outflow, leading to significant degrees of IOP elevation that can persist for months
in some animals. The model leads to a 10-100% of optic nerve axon loss, but many animals also develop
excessive inflammation. Due to pressure elevations that are often much more significant than seen in
human disease, individual variability, and the necessary surgical skills, this method is not used frequently
in modern studies. Another sclerosis-based model utilized in rodents is laser photocoagulation of the
trabecular meshwork (Ueda et al., 1998; Levkovitch-Verbin et al., 2002). Again, this leads to an
obstruction of aqueous outflow, acutely elevating IOP. With this model 10P elevations are also quite
significant, with a sharp spike in pressure. IOP elevations are more transient than in hypertonic saline
models, and repeated treatments can be necessary to sustain pressure elevation (Aihara et al., 2003). This
model is also associated with higher degrees of RGC death and evidence of significant RGC dysfunction
in a shorter time frame than seen in human disease (Grozdanic et al., 2003), suggesting that it may be a
larger and more acute injury model.

Non-sclerotic inducible glaucoma models typically involve the injection of a foreign substance into
the anterior chamber to disrupt aqueous humor dynamics. One strategy is injecting a viscous substance,
such as hyaluronic acid (Benozzi et al., 2002) or silicone oil (Zhang et al., 2019). These offer the
advantages of being easier to perform than some of the sclerotic models as well as the ability to be a
reversible insult (Nam et al., 2022). Rapid IOP elevation can be achieved, although early models required
repeated injections to sustain elevation (Benozzi et al., 2002).

The model applied in this work is the microbead occlusion model of glaucoma (Sappington et al.,
2010). In this model a small volume of polystyrene microbeads is injected into the anterior chamber of the
eye. The beads travel with the flow of the aqueous humor and embed into the trabecular meshwork,

accumulating and obstructing outflow. This obstruction is not complete and leads to a more moderate
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degree of elevation compared to the aforementioned models, with IOP increasing about 20-40% above
baseline measurements (Risner et al., 2018; Cooper et al., 2020; Risner et al., 2022). Occasionally a
variant of this model, using magnetic microbeads, is applied (Samsel et al., 2011; Ito et al., 2016). This
brings the advantage of being able to direct the beads into the iridocorneal angle but may be more
traumatic and damage the trabecular meshwork.

With the microbead occlusion model 10P elevation can be achieved fairly rapidly, with elevations
evident by two days after injection (Sappington et al., 2010). This elevation is sustained over a period of
weeks and can be maintained out to 6+ weeks with repeat injections (Naguib et al., 2021). The
pathophysiologic progression of disease laid out in this section is described within the time course of this
model in mice. Early RGC dysfunction occurs within 1-2 weeks (Risner et al., 2018; Calkins, 2021), with
overt signs of axonal degeneration and RGC death occurring much later, around 4 weeks and after
(Calkins, 2021; Naguib et al., 2021; Risner et al., 2022). With this model, a more detailed understanding

of the glaucomatous stress responses of RGCs and retinal glia has been developed.

15.2 Compartmentalized degeneration

Glaucomatous degeneration occurs as a result of RGC axonal damage at the optic nerve head
(Quigley et al., 1981; Burgoyne, 2011). This localized axonopathy causes damage and dysfunction both
proximal and distal to the site of injury. Within the axon, the injury leads to disrupted mechanisms of
transport along the cytoskeleton. Evidence suggests that transport in the anterograde direction, away from
the soma, is preferentially affected (Crish et al., 2010; Dengler-Crish et al., 2014). Deficits in transport
can be detected early, after about 2 weeks of 10P elevation in the microbead occlusion model, preceding
outright degeneration and cell death. This transport mechanism, involving the “walking” of kinesin
proteins along the polarized microtubule structure within the axon, is vital for the movement of newly
synthesized proteins and organelles, like mitochondria, down the long cell process and results in a deficit
of these distal to the injury (Miller and Sheetz, 2004; Chang et al., 2006; De Vos et al., 2008). Following

this transport deficit, axons distal to the injury begin to undergo a degenerative process characterized by
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breakdown of the axonal structure and surrounding myelin. Ultimately, the central visual targets of the
RGC axons in the thalamus and midbrain begin to degenerate (Crish and Calkins, 2015; Van Hook et al.,
2020). Glaucomatous injury has even been linked to pathology in the visual cortex, two synapses
downstream of the affected RGC axons (You et al., 2021).

Damage also occurs in the RGC proximal to the site of injury, affecting the dendrites and soma of
the cell. Pruning of the dendritic tree also occurs prior to outright degeneration (Calkins, 2012). This
process involves the complement-dependent and microglia-mediated loss of RGC dendritic complexity
and length (Berry et al., 2015; Williams et al., 2016). Concurrently there is a loss of synapses on the RGC
dendrites, reducing the input of visual information onto RGCs from bipolar and amacrine cells
(Agostinone and Di Polo, 2015). This synapse loss and dendritic pruning occurs in both the ON and OFF
sublaminas of the inner plexiform layer, but there is evidence (discussed in more depth later) that the OFF
pathway may be preferentially affected (EI-Danaf and Huberman, 2015; Ou et al., 2016). The cell somas
of RGCs persist for some time despite degeneration of both axonal and dendritic components, remaining
intact for many weeks in the microbead model (Calkins, 2012).

Proximal and distal programs of degeneration likely are separate processes, supported by evidence
that dendritic pruning and axonal changes can proceed independently of each other (Risner et al., 2020a).
This suggests that there are distinct mechanisms governing RGC degeneration which could be separately
targeted. For example, mice lacking Bcl-2-associated X (BAX) protein, which are protected against
apoptotic cell death, have reduced dendritic pruning and soma death in experimental glaucoma but still
exhibit axonal deficits (Risner et al., 2022). Conversely, mice expressing the mutant WId® (slow
Wallerian degeneration) allele that delays the Wallerian degeneration phenotype are protected against
axonal effects of experimental glaucoma (Risner et al., 2021b). These studies nicely illustrate that
multiple independent programs govern RGC degeneration and highlight the compartmentalized nature of

these effects (Calkins, 2012).
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1.5.3 Glial response

In glaucoma, astrocytes in the retina and optic nerve undergo significant changes throughout the
course of disease. Early in disease they undergo morphological changes to become “reactive” astrocytes,
a subset of which can be neurotoxic and amplify RGC death (Sun et al., 2013; Liddelow et al., 2017;
Cooper et al., 2018; Cooper et al., 2020; Guttenplan et al., 2020). The induction of one neurotoxic
subtype is mediated by microglial activation, where inflammatory stimuli cause microglia to release
several pro-inflammatory cytokines. These in turn induce a neurotoxic astrocyte phenotype (Liddelow et
al., 2017). Reactive astrocytes are key mediators of RGC death in glaucoma (Guttenplan et al., 2020).
Interestingly, this same process of microglial activation and cytokine release alters the functional
properties of astrocytic Cx43. Activated microglia stimulate an increase in astrocytic Cx43 hemichannel
activity while simultaneously decreasing gap junctional coupling between astrocytes (Retamal et al.,
2007). The involvement of Cx43 in the glial inflammatory response suggests that changes in Cx43
function may be involved in the early cellular responses to elevated IOP.

Gap junctions and hemichannels have seemingly opposing pathophysiologic roles. There are
many neuroprotective functions of astrocytic gap junctional coupling. In contrast, hemichannels appear to
have a pro-degenerative role during pathologic insult. Classically thought to be closed or inactive in a
physiologic state, recent evidence supports a role for astrocyte Cx43 hemichannels in mediating processes
such as the tuning of glutamatergic signaling through glial neurotransmitter release (Chever et al., 2014;
Meunier et al., 2017). Nevertheless, prolonged stressors such as ischemia and oxidative stress can cause
pathologic hemichannel opening (Danesh-Meyer et al., 2016). Their opening in this context is typically
deleterious, associated with inflammation, changes in cell membrane potential, and difficulty with
osmoregulation (Quist et al., 2000). Hemichannels have been implicated as a major cause of tissue
swelling post-injury (Quist et al., 2000).

Inflammation is a prominent feature of numerous diseases, and astrocytes are a key cellular
component of the neuroinflammatory response (Sofroniew, 2015). In general, inflammatory cytokines

decrease gap junctional coupling between astrocytes, although there is some evidence that different
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inflammatory conditions can affect Cx43 differentially, either increasing or decreasing coupling (Kielian,
2008; Liao et al., 2010). Hemichannels are also a key factor in inflammatory conditions. Proinflammatory
cytokines, such as interleukin-1p and tumor necrosis factor-a, decrease the localization of Cx43 to the cell
membrane (Retamal et al., 2007). The administration of lipopolysaccharide, an endotoxin found on gram-
negative bacteria that is frequently used to experimentally induce inflammation, accelerates the
degradation of Cx43 proteins in addition to decreasing expression (Liao et al., 2010). Alongside this
structural change, there is a decrease in intercellular gap junctional communication with a concomitant
increase in hemichannel activity (Retamal et al., 2007). In this context, hemichannels act as a key pro-
inflammatory mediator. A major consequence of hemichannel opening is the extracellular release of ATP,
which can bind to purinergic receptors and activate the NLRP-3 inflammasome (Price et al., 2020b), a
protein complex that initiates inflammatory cell death. Specifically blocking Cx43 hemichannels
decreases overall inflammation and protects against tissue damage (Chen et al., 2018). This effect appears
to be in part due to decreased inflammasome activation (Louie et al., 2021). In fact, specific blockade of
Cx43 hemichannels is actively being investigated as a potential therapeutic for many neurologic and non-
neurologic diseases (Galinsky et al., 2017; Mao et al., 2017; Chen et al., 2018; Tonkin et al., 2018; Kuo et
al., 2020; Price et al., 2020b).

It is less clear whether Cx43 gap junctional coupling is exclusively protective or maladaptive in
pathological conditions. From a metabolic perspective, the redistribution of resources through the gap
junctional network seems to be neuroprotective. From a buffering perspective, the network allows
astrocytes to regulate the extracellular environment more effectively. However, because of the
nonselective nature of these gap junctions there is also the potential that they mediate the spread of
damaging cues. In one study, overexpression of Cx43 in injury-resistant glioma cells left the cells more
vulnerable to damage, as they were increasingly coupled to more vulnerable cells (Lin et al., 1998). There
was an associated increase in the spread of calcium waves through the cells. Calcium waves are the
primary means of astrocytic signaling, in the absence of an excitable membrane, and coordinate important

physiologic processes such as glial neurotransmitter release (Bazargani and Attwell, 2016). However,
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excessive and dysregulated intracellular calcium signaling can activate pro-apoptotic pathways (Pinton et
al., 2008). Gap junctional networks could mediate excessive calcium spread from astrocyte to astrocyte,
acting as a conduit for the propagation of disease. The Cx43 overexpression leading to death of
neighboring glioma cells may have been a cell-type specific effect, however. In studies involving a
variety of animal models of neurologic diseases, increasing gap junctional coupling is associated with
decreased neuronal death and improved histologic measures (Kim et al., 2018; Freitas-Andrade et al.,
2020).

The initial site of stress conveyed to axons by elevated intraocular pressure is at the optic nerve
head (ONH) (Morrison et al., 2011), the portion of the optic nerve where the unmyelinated RGC axons
pass through the sclera. This region of the nerve is densely populated with astrocytes, which offer
structural and physiologic support to the axons and are involved in early responses to the stress of
elevated IOP. Astrocytes are also present in significant quantities throughout the inner retina. In both
humans and rodents there are astrocytic networks localized to the ganglion cell layer and the nerve fiber
layer, which see significant degenerative changes in severe glaucoma. Immunolabeling shows that these
are continuous with the optic nerve astrocytes (Zahs et al., 2003; Kerr et al., 2011).

Astrocytes in the retina express both Cx43 and Cx30. Cx30 is localized primarily to astrocytic
endfeet near blood vessels whereas Cx43 is more diffusely distributed along the astrocyte (Zahs et al.,
2003; Kerr et al., 2011). There is also some expression of Cx43 in retinal Mdiller glia, though this varies
by animal model and occurs in significantly lower levels than in astrocytes (Kerr et al., 2010). Within the
optic nerves of humans and rodents, particularly in the ONH, there is dense immunolabeling of Cx43
localized to astrocytes (Morgan, 2000; May and Lutjen-Drecoll, 2002; Kerr et al., 2010). A densely
connected astrocytic network may be of particular physiologic importance for the ONH portion of the
nerve. The axons in this region are unmyelinated. Without myelination, axons have decreased signaling
efficiency and much higher metabolic demand (Neishabouri and Faisal, 2011). Astrocytic Cx43-mediated

networks may be important for supporting the demand of this region and serve as a defense against
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pathologic stress. Alterations in the function of this network could increase the susceptibility of this key
visual pathway to stress and injury.

Glial activation in the retina and optic nerve is an early and persistent feature of glaucoma (Wang et
al., 2002). Real time PCR comparing primary cultures of astrocytes from normal and glaucomatous
human eyes indicate that expression of GJAL is higher in glaucomatous astrocytes compared to normal
age matched controls (Hernandez et al., 2008). Structurally, changes in immunolabeling of Cx43 on the
optic nerve head have been demonstrated in a study of post-mortem eyes of glaucoma patients (Kerr et
al., 2011). There was a significant increase in Cx43 on astrocytes within in the lamina cribrosa, at the site
of mechanical stress to the ONH. In the retina there was an increase in both the intensity and amount of
Cx43 labeling in the ganglion cell layer. These patterns parallel those seen in animal models of optic
nerve injury, although they reflect changes over a longer time scale.

The mechanism of injury in glaucomatous neurodegeneration involves an increased genetic and/or
environmental susceptibility to elevated 10P at the optic nerve head. Exposing primary human ONH
astrocytes to elevated hydrostatic pressure causes a decrease in intercellular communication and a
redistribution of Cx43 away from the cell membrane (Malone et al., 2007). The remaining gap junctions
on the membrane are also more highly phosphorylated. Phosphorylation on several serine and tyrosine
residues in the C-terminal region of the Cx43 protein can dramatically decrease the permeability of the
gap junction (Lampe and Lau, 2004; Ek-Vitorin et al., 2018). Thus, even when there is increased Cx43
expression, as seen in glaucomatous tissue, there is a decrease in the permeability of gap junctions. As
seen in other models of neurologic disease, astrocytes in glaucomatous optic nerves have increased
expression of Cx43, which leads to increased hemichannel activity, but paradoxically there is a decrease
in gap junctional communication. The structural changes in Cx43 distribution have important functional
implications for the progression of glaucoma. Though astrocytic Cx43 networks are protective against
metabolic stress to an extent, astrocytes lose their gap-junctional coupling when deprived of glucose for
longer periods of time (Lee et al., 2016). Chronic metabolic deprivation also increases hemichannel

permeability (Contreras et al., 2002). Axons in the glaucomatous optic nerve are energy depleted and
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exhibit signs of chronic metabolic stress, marked by decreased available glucose and lower expression of
the monocarboxylate transporters involved in the astrocyte neuron lactate shuttle (Harun-Or-Rashid et al.,
2018).

In the microbead occlusion mouse model of glaucoma, elevated IOP in one eye causes the
mobilization of glycogen stores from the unaffected eye to the damaged eye (Cooper et al., 2020). This
redistribution improves axon function and visual function in the acceptor eye but leaves the donor eye
vulnerable to subsequent damage. Genetically knocking out Cx43 in these mice eliminates this transfer of
resources. This evidence emphasizes both the neuroprotective and maladaptive potential of astrocytic
networks in the context of degenerative disease.

Alongside metabolic changes, oxidative stress is a key factor in the pathophysiology of glaucoma
(Chrysostomou et al., 2013). It is also a regulator of gap junctional coupling. In other cells, like
osteocytes, high levels of oxidative stress tend to decrease coupling and increase hemichannel activity
(Kar et al., 2013). Increasing Cx43-mediated coupling in cultured cells is protective against hydrogen
peroxide-induced cytotoxicity, suggesting that it helps mitigate the damage caused by oxidative stress
(Kar et al., 2013; Zhao et al., 2017). The changes to astrocytic coupling caused by glaucoma may be part
of a vicious cycle that causes further metabolic stress, as the injured regions are cut off from distant
glycogen supply. It also likely decreases the ability of astrocytes to defend against cytotoxic damage.
However, this may serve to isolate an injured region, preventing the further spread of damage to other
sites.

Studies of unilateral optic nerve damage offer an insight into the role of gap junctional networks
into the spread of pathology. Animal studies demonstrate that unilateral trauma results in changes to the
eye contralateral to the injury, with marked alterations to retinal astrocytes, microglia, and ganglion cell
populations (Bodeutsch et al., 1999; Kanamori et al., 2005; Panagis et al., 2005; Sobrado-Calvo et al.,
2007; Macharadze et al., 2009). The response in the contralateral eye is weaker than in the eye ipsilateral
to the injury, but still significantly greater than control tissue from uninjured animals. Astrocytes in the

contralateral retinal ganglion cell and nerve fiber layers take on a reactive phenotype, characterized by
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cellular hypertrophy and increased labeling of glial fibrillary acidic protein (GFAP) (Kerr et al., 2012).
They also express greater levels of Cx43, raising the possibility that this spread of damage could be

mediated by astrocytic networks.

1.5.4 Altered RGC excitability

Early pathophysiologic changes in glaucoma, particularly those that appear to precede cell death,
represent promising targets for neuroprotective therapies. A key change in RGC physiology in response to
glaucomatous stress is an alteration in electrical excitability. Many neurodegenerative diseases involve
challenges to processes, such as intrinsic neuronal properties and astrocytic spatial buffering, that
maintain axon function and neuronal excitability (Zeron et al., 2002; van Zundert et al., 2008; Sompol et
al., 2017). In the microbead glaucoma, an enhancement of neuronal excitability occurs fairly early in the
course of disease, around two weeks of 10P elevation (Risner et al., 2018). Excitability enhancement is
reflected experimentally by abnormally brisk responses to light stimulation and direct application of
depolarizing current (two methods used extensively in this work and described in more depth later). This
change is caused by altered expression of voltage-gated sodium channels responsible for action potential
generation (Risner et al., 2018). It is possible that this change underlies an adaptive mechanism whereby
increasing firing rate helps maintain the encoding of light stimuli, preventing the selective degeneration of
poorly functioning cells. However, this mechanism may also be maladaptive. As previously mentioned,
RGCs are metabolically stressed by IOP elevation. Hyperexcitable cells require higher energy supplies to
maintain ionic balance across their membrane and generate action potentials. Thus, in a pathological
context hyperexcitability may push the metabolic demand of these cells beyond the available supply,
worsening the degree of stress. Indeed, hyperexcitability and degeneration appear closely linked in
neurodegenerative disease (Siskova et al., 2014).

The period of early hyperexcitability is followed by a decrease in RGC excitability, to levels
below normal functioning (Risner et al., 2020b; Risner et al., 2021b; Risner et al., 2022). This timepoint

coincides with the early stages of pathological evidence of degeneration in the optic nerve, and likely
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reflects highly dysfunctional RGCs no longer effectively communicating light information to the brain.
While hyperexcitability is driven largely by axogenic changes, later decreases in excitability may be the
result of changes to both synaptic input (Agostinone and Di Polo, 2015) and axonal properties (Risner et
al., 2020b). This work investigates axonal mechanisms that could potentially underlie this change and

may link excitability changes to susceptibly to degeneration.

1.5.5 Dysregulation of the extracellular milieu

A shared hallmark of many neurodegenerative diseases is pathologic alteration to the composition
of the extracellular space in neural tissue. These alterations can be both a result and cause of neuronal
dysfunction, involved in a vicious cycle that ultimately leads to cell death. One of the most notable of
such alterations involves the accumulation of abnormal proteins in the extracellular space, which is often
a key diagnostic criterion for neurodegenerative disease. In Alzheimer’s disease, a neurodegenerative
disorder that leads to memory and cognitive impairments, abnormal deposits of the amyloid beta protein
form in the extracellular space, forming plaques (Rahman and Lendel, 2021). In Parkinson’s disease, a
neurodegenerative disease affecting the brain’s motor system, extracellular buildup of abnormal alpha
synuclein protein can significantly contribute to the pathology (YYamada and Iwatsubo, 2018). Often these
protein accumulations place further stress on neurons by disrupting normal physiologic processes, such as
impeding synaptic transmission (Diogenes et al., 2012) or impeding regulation of the ion gradients that
govern membrane potential (Shrivastava et al., 2015). Compounding these abnormal protein aggregates
are disruptions to the extracellular matrix, a scaffold of proteins and other molecules that provide
structural support to cells in tissue (Downs et al., 2022; Johnson et al., 2022). Disruptions of this structure
contribute to the spread of pathology from cell to cell, speeding up disease progression (Moretto et al.,
2022). Consequently, targeting the extracellular matrix is being investigated in a neuroprotective capacity
(McGrady et al., 2021).

Central to the themes of this work are disrupted homeostasis of extracellular ion and

neurotransmitter levels in neurodegeneration. These processes are tightly linked to the interactions
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between neurons and glia which, as introduced above, become altered in neurodegeneration. Most directly
linked to cell death are dysregulations in the homeostasis of the excitatory neurotransmitter glutamate and
the cation calcium. During excitatory neurotransmission glutamate is released into the extracellular space.
Under typical conditions this transmitter is quickly taken back up by neuronal and glial transporters. In
periods of excess firing or pathologic disruptions, extracellular levels of glutamate can build up as these
reuptake mechanisms are overwhelmed. Excess glutamate levels can in turn lead to neuronal death via a
process known as excitotoxicity (Dong et al., 2009). This further disrupts important cellular functions and
places additional extrinsic stress on neurons via increased oxidative stress (Nicholls, 2004), increased
metabolic and mitochondrial pressure (Duchen, 2004), and impaired calcium ion regulation (Friedman,
2006; Mattson, 2007; Dong et al., 2009). Disruption of glutamate reuptake is seen across a variety of
different neurodegenerative diseases, including Parkinson’s disease (Wang et al., 2020), Huntington’s
disease (Lievens et al., 2001), and Alzheimer’s disease (Brymer et al., 2023).

Another important homeostatic process disrupted in neurodegenerative disease is the regulation of
extracellular potassium. Like glutamate and calcium, potassium levels are linked to neuronal firing and
excitability. Elevations in potassium concentration contribute to abnormal neuronal membrane potentials
and excitability and can further contribute to excitotoxic cell death. Like glutamate, potassium is
regulated by a combination of neuronal and glial proteins, as described in more depth above. Alterations
in these regulatory mechanisms, particularly with respect to glial uptake of potassium, can be seen in
amyotrophic lateral sclerosis (Bataveljic et al., 2012) and Alzheimer’s disease (Nwaobi et al., 2016).
Elevated extracellular potassium, along with altered expression and function of neuronal potassium
channels can in turn lead to neuronal hyperexcitability, increased oxidative stress, and further metabolic
pressures, thereby further stressing neurons to the point of excitotoxic cell death (Frazzini et al., 2016).

Many of these alterations are seen specifically in glaucoma as well, highlighting shared processes
of neurodegeneration and emphasizing the importance of understanding these processes in order to
protect neuronal function. In addition to intrinsic changes to excitability challenging the metabolic

support network, there are extrinsic factors imposing additional stress on RGCs. As previously
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introduced, retinal glia perform myriad homeostatic roles to maintain RGC function in periods of stress.
A glial function tightly linked to neuronal excitability is the regulation of the ionic contents of the
extracellular space. Extracellular ionic conditions are tightly regulated to maintain normal excitability and
minimize cellular stress. Changes to the balance of ions across a neuronal membrane places additional
demand on Na/K-ATPases, which are highly metabolically demanding. Acute alterations to ionic balance,
such as an elevation of extracellular potassium, can also cause neuronal depolarization and further alter
excitability.

Potassium ions are of particular importance in the context of glaucomatous degeneration.
Potassium concentration is tightly regulated by astrocytes and Muller glia under physiologic conditions,
rarely fluctuating more than a few millimolar (Heinemann and Lux, 1977). However, glial mechanisms
regulating extracellular potassium can become disrupted in glaucoma via alterations to the function of
both Miiller glia and astrocytes (Fischer et al., 2019a; Fischer et al., 2019b; Cooper et al., 2020).
Dysregulated potassium can contribute to RGC degeneration via interaction with apoptotic cell death
pathways (Diem et al., 2001b; Koeberle et al., 2010).

The consequences of altered extracellular milieu, particularly elevated potassium concentrations, is
a central focus of this work. A vicious cycle of hyperexcitability, ionic imbalance, and metabolic stress
represents a potential target for early intervention to prevent cell death. This work seeks to understand

how different types of RGCs respond to this stress and regulate their excitability in health and disease.

1.5.6 Evidence for differential susceptibility of RGCs in glaucoma

Certain RGC types appear to be more sensitive to I0P-related stress than others. In various models
of experimental glaucoma, properties such as RGC light response, dendritic branching, and synapse loss
appear to proceed at different rates for different RGC cell types (Della Santina et al., 2013; EI-Danaf and
Huberman, 2015; Ou et al., 2016; Kong et al., 2021; Risner et al., 2021b). Across these modalities, there
is building evidence that OFF RGCs may be more sensitive to glaucomatous stress than their ON

counterparts. These cells show greater degrees of reduced synaptic input in the OFF sublamina of the
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inner plexiform layer (El-Danaf and Huberman, 2015; Ou et al., 2016) and are less protected by the WId®
mutation (Risner et al., 2021b). Certain subtypes, such as alpha OFF-transient cells, may be even more
susceptible to stress based on their intrinsic properties (Della Santina et al., 2013; Risner et al., 2021b).
Discerning which properties of RGCs may make them more sensitive to IOP-related stress may
elucidate specific targetable mechanisms for neuroprotection. There is growing evidence that intrinsic
electrical properties of RGCs, such as those governing their excitability, are key distinguishers of their
physiologic function (Werginz et al., 2020; Wienbar and Schwartz, 2022). Recent studies have also used
optic nerve injury models to try to determine molecular properties of RGCs that make them either more or
less susceptible to degeneration (Tran et al., 2019). This work seeks to merge these two concepts,
evaluating factors that distinguish the excitability properties of two RGCs and determining how those

may impact their resilience to stress in experimental glaucoma.
1.6 Hypothesis and specific aims

1.6.1 Central hypothesis
We propose that differential sensitivity to ionic stress is a key factor regulating RGC excitability,
and that there are adaptive mechanisms employed in response to glaucomatous damage to regulate

neuronal excitability.
1.6.2 Aims

Aim 1: Determine the interaction between retinal ganglion cell (RGC) type-intrinsic excitability
differences and sensitivity to ionic stress.

Across the central nervous system there is considerable heterogeneity in neuronal physiology,
even within a small region, with variably tuned electrical properties allowing for complex patterns of
information encoding. In the innermost layer of the retina, there are at least 20-40 different types of
RGCs, which are responsible for transmitting visual information from the retina to the brain. RGC
heterogeneity is functionally significant, as it facilitates the encoding of complex visual stimuli. Recently

there has been growing interest in how intrinsic electrical properties, such as mechanisms driving action
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potential generation, further distinguish different RGC types beyond well-defined differences in
presynaptic circuitry. Here, we tested intrinsic excitability differences between two major types of RGCs,
alpha ON-Sustained and alpha OFF-Sustained cells, in the context of an acute ionic stressor. We
evaluated neuronal responses to depolarizing current and measured properties of action potential
generation to test the working hypothesis that intrinsic physiologic differences between RGCs are driven

in part by the sensitivity of the cells to the extracellular potassium concentration.

Aim 2: Determine how RGCs adapt to prolonged ionic stress in glaucoma.

To develop treatments that can protect against neurodegenerative disease it's important to
understand how neurons respond to stress, delineating adaptive and maladaptive changes. In glaucoma
retinal ganglion cells, the neurons in the retina that convey visual information to the brain, degenerate due
to stress related to sensitivity to intraocular pressure. Though there are treatments that can effectively
control pressure, some patients with glaucoma still lose vision. Studies of experimental glaucoma show
that early in the disease, retinal ganglion cells are stressed with dysregulated potassium homeostasis and
exhibit altered intrinsic electrical properties. Here, we utilized an inducible glaucoma model in mice to
measure changes in RGC excitability in the setting of acutely elevated extracellular potassium. We
determined the differential effects of acute ionic stress after prolonged intraocular pressure elevation to
test the working hypothesis that retinal ganglion cells undergo adaptive changes in response to

glaucomatous stress to lessen the impact of dysregulation of the extracellular milieu.

Aim 3: Evaluate the contribution of the axon initial segment (AIS) dimensions to RGC excitability,
in development and disease.

The excitability of a neuron is regulated by structural components of the axon. The axon initial
segment (AIS) is a protein scaffold enriched for voltage-gated ion channels and is the site of axon
potential generation. The dimensions of the AIS, such as its distance from the soma and the length of the
scaffold, significantly influence a neuron’s excitability. Establishment of AIS structure is well regulated,

with its dimensions distinguishing the light encoding properties between similar RGC subtypes.
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Interestingly, the AIS is a plastic structure which can adapt in response to physiologic and pathologic
stimuli to maintain appropriate action potential generation. Here, we utilize in vivo and in vitro
approaches to evaluate properties governing AlS development and adaptation to degenerative stress in
order to test the working hypotheses that 1. Axon development and degeneration can be modeled in vitro
and 2. Alterations to AlS structure explain physiologic differences in neuronal excitability and underlie

degenerative changes in axonopathy.
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CHAPTER 2
SENSITIVITY TO EXTRACELLULAR POTASSIUM UNDERLIES TYPE-INTRINSIC

DIFFERENCES IN RETINAL GANGLION CELL EXCITABILITY"

2.1 Introduction

The central nervous system is composed of many neuronal classes and types defined by genetic,
neurochemical, morphologic, and physiologic properties that determine function. This biologic
complexity is apparent across neural tissues and exemplified in the retina, which is a projection of the
diencephalon. Different retinal neuronal classes and types interact through synaptic and electrical signals,
forming local receptive fields. Receptive field elements converge, diverge, and converge again to
optimize the signal-to-noise ratio of graded potentials received by postsynaptic retinal ganglion cells
(RGCs) (Cohen and Sterling, 1990; Copenhagen et al., 1990; Asari and Meister, 2012). RGCs integrate
postsynaptic potentials, generate spike trains that encode sensory information, and relay action potentials
with high fidelity to central targets (Uzzell and Chichilnisky, 2004; Pillow et al., 2005). The presence of a
large diversity in RGC response properties underlies the ability to encode complex visual scenes (Baden
etal., 2016).

Currently, RGC types are distinguished by both intrinsic and extrinsic properties, including
genetic profile, transcriptomics, morphology, regular topographic spacing, and physiologic response to
stimuli (Sanes and Masland, 2015; Shekhar and Sanes, 2021). Based on these variables, 20 — 40 different
RGC types of have been identified, depending on species (Sanes and Masland, 2015; Baden et al., 2016;
Bae et al., 2018; Tran et al., 2019; Goetz et al., 2022). Measuring RGC response bias to light increments

and decrements has been a mainstay in RGC taxonomy, but this method tests both extrinsic influences,
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such as presynaptic inputs, and intrinsic mechanisms, such as threshold for action potential generation.
Alternatively, evidence suggests RGC types may be physiologically defined by measuring their responses
to application of hyperpolarizing or depolarizing currents (Margolis and Detwiler, 2007; Mitra and Miller,
2007b; a; Cai et al., 2011). Testing these intrinsic properties is important because inherent differences can
significantly influence spiking output in RGCs, establishing different light responses in cells with similar
synaptic inputs (Emanuel et al., 2017; Werginz et al., 2020; Wienbar and Schwartz, 2022).

Here, we tested physiologic differences between two RCG types with distinct synaptic inputs,
alpha ON-Sustained (aON-S) cells, which generate sustained firing of action potentials to light
increments, and alpha OFF-Sustained (a¢OFF-S) cells, which are inhibited by light and produce sustained
firing upon light decrement. We found that these two types also demonstrate different intrinsic responses
to application of depolarizing currents and correspondingly distinct action potential (AP) waveforms. We
also demonstrated that sensitivity to extracellular K* concentrations may mechanistically underlie these
differences in excitability profiles and establish thresholds for depolarization block, which is a mechanism
that limits neuronal firing rate during excess depolarization due to inactivation of voltage-gated sodium
channels. These results support the growing body of evidence that RGC responses are not only
determined by presynaptic circuitry but also are significantly impacted by variability in intrinsic neuronal

mechanisms.
2.2 Materials and methods

2.2.1 Animals

We obtained C57BI/6J mice (6 male, 2 female, 14-17 weeks old) from Jackson Laboratories (Bar
Harbor, ME, RRID: IMSR_JAX:000664). Mice were housed at the Vanderbilt University Division of
Animal Care and maintained on 12-hr light/dark cycle. Animals were allowed water and standard rodent
chow ad libitum. All animal experiments were approved by the Vanderbilt University Medical Center

Institutional Animal Care and Use Committee.
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2.2.2 Electrophysiological recordings

Animals were euthanized via cervical dislocation, eyes were enucleated, and the retinas were
dissected out under long-wavelength illumination (630 nm, 800 pW/cm?, FND/FG, Ushio, Cypress, CA).
Retinas were placed in carbogen-saturated Ames’ medium (US Biologic, Memphis, TN) supplemented
with 20 mM D-glucose and 22.6 mM NaHCOs; (pH 7.4, 290 Osm). Each retina was mounted flat onto a
physiological chamber, inner retina facing upwards, and perfused at a rate of 2 ml/min with Ames’
medium maintained at 35°C (Model TC-344C, Warner Instruments, Hamden, CT).

Retinal ganglion cells (RGCs) were viewed under DIC using an Andor CCD camera attached to
an Olympus BX50 upright microscope at 40x. RGCs were targeted for intracellular recording with
pipettes pulled from borosilicate glass (I.D. 0.86mm, O.D. 1.5mm; Sutter Instruments, Novato, CA) and
filled with (in mM): 125 K-gluconate, 10 KCI, 10 HEPES, 10 EGTA, 4 Mg-ATP, 1 Na-GTP, and 0.1
ALEXA 555 (Invitrogen, Carlsbad, CA). The intracellular solution pH was 7.35 and osmolarity was 285
Osm. Pipettes containing intracellular solution had a resistance between 4-8 MQ. Whole-cell signals were
amplified (Multiclamp 700B, Molecular Devices, San Jose, CA) and digitized at a sampling rate of 10
kHz (Digidata 1550A, Molecular Devices, San Jose, CA). Access resistance was monitored and
maintained <30 MQ. All recordings were performed in current-clamp whole-cell patch-clamp
configurations.

During baseline recordings we measured resting membrane potential (RMP), spontaneous
spiking, light-evoked spike activity (full-field 365+460nm, 300 wW/cm2, 3-s duration, CoolLED, pE-
4000, Andover, UK), and current-evoked spiking while clamping the cell at 0 pA. Current-evoked spiking
was measured during stepwise application of 1 s current pulses, ranging from 0 to +300 pA in 10 pA
increments, with a 2 s inter-stimulus interval. Very few aOFF-S cells exhibited sustained spiking at
stimuli greater than 300 pA so we set that as the upper limit for recordings. Current was clamped at 0 pA

between test pulses.
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2.2.3 High extracellular potassium recordings

A second batch of Ames’ medium was prepared as described above, but with an additional 5 mM
of KCI (i.e., high K*). After baseline recordings were completed for each cell, the high K™ medium was
washed into the recording chamber while the RGC spontaneous membrane voltage was continuously
recorded. Before performing experiments, we allowed a wash on period of 5-6 min, allowing RGC
membrane potential to stabilize. High K* experimental recordings (RMP, spontaneous activity, light-
evoked spiking, current-evoked spiking) were then performed as described above. After high K*
experiments, the extracellular medium was switched back to the baseline solution, and RGC membrane
voltage was continuously measured during a wash off period of 10-20 min, allowing RGCs to recover.
Full recovery typically took 10-15 min, although it occasionally required up to 20 min. We limited the
number of experimental protocols to reduce the time of high K* exposure. Furthermore, to limit potential
cumulative effects of high K* wash on/off, we limited the total number of cells that were recorded from

each retina to no more than four.

2.2.4 RGC Physiology Analysis

Raw electrophysiology data files were analyzed in Python 3.9 (RRID: SCR_008394) using the
pyABF 2.3.5 module (Harden, 2022) and SciPy 1.7.1 modules (RRID: SCR_008058)(Virtanen et al.,
2020). The SciPy.Signal “find peaks” function was used for action potential (AP) detection with
specified parameters of 20 mV minimum prominence and a distance threshold of 1.5 ms between spikes.
Spike rates for current-evoked spiking protocols were reported as the average rate for 2 adjacent 10 pA
increments of stimulation (20 pA bins). For AP shape analysis, a cubic spline function was fit to each AP
waveform to increase resolution. The AP half-width was measured as the duration of the AP, in ms,
where the membrane potential was above the midway point between each AP peak and minimum after-

hyperpolarization.
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2.2.5 Immunohistochemistry and Imaging

After physiology, retinas were placed in 4% paraformaldehyde (PFA) at 4°C for 24 hr. After
fixation, retinas were immunolabeled for choline acetyltransferase (ChAT, 1:100; Millipore, Burlington,
MA, Cat. #AB144P, RRID: AB_2079751) and ankyrin-G (AnkG, 1:200; NeuroMab N106/36;
Antibodies, Inc Cat. # 75-146, RRID:AB_10673030). Retinas were first blocked in 5% normal donkey
serum for 2 hr, then incubated in primary antibodies for 3 d at 4°C, and finally incubated for 2 hr at room
temperature with donkey anti-goat Alexa 647 and donkey anti-mouse Alexa 488 secondary antibodies
(Jackson ImmunoResearch, West Grove, PA; RRID: AB_2340437, RRID:AB_2341099). We used an
Olympus FV1000 inverted microscope to obtain micrographs of RGC profiles. Image analysis, including
creating orthogonal projections used for visualization of dendritic stratification depth, was performed
using ImageJ (NIH, Bethesda, MD). Soma size was determined in ImageJ by outlining the area
encompassed by the soma in the maximum Z-stack projection from the confocal image of each dye-filled

cell.

2.2.6 Axon Initial Segment Measurements

8 aON-S and 6 aOFF-S cells had identifiable AIS labeling. Fluorescence of AnkG was measured
from the edge of the soma along the axon of each RGC in ImageJ. Background fluorescence was
subtracted from AnkG intensity profiles using a rolling ball filter with a radius of 50. Smoothed AnkG
profiles were generated using a Savitzky-Golay filter with a first order polynomial fit. Axon initial
segment (AIS) bounds were systematically defined as the extent where smoothed ankG values were
greater than 50% of the difference between baseline and maximum intensity. 1 aON-S AIS was excluded

from analysis as its length was identified as a significant outlier by Grubbs’ Test (alpha = 0.05).

2.2.7 Data Analysis and Statistical Tests
All data are reported as mean + standard error of the mean (SEM) unless otherwise indicated. All
statistical tests were performed in GraphPad Prism 9 (Graphpad Software, San Diego, CA). All data sets

were checked for normality. Where appropriate, parametric statistical tests (unpaired t-test, paired t-test,
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2-way ANOVA, simple linear regression) were performed. Additional statistical analysis was done
performed using mixed-effects analysis where indicated. We defined statistical significance as a p-value
of 0.05 or less. Exact p-values are indicated in figure legends, alongside the specific statistical test used

for each analysis.
2.3 Results

2.3.1 Intrinsic cell type-specific differences in spike rate and waveform

We targeted a-type RGCs from intact retinas for whole-cell current-clamp recording and dye
filling by identifying large cell bodies. Following physiology, we recovered morphology of dye-filled
cells by confocal microscopy. As before (Risner et al., 2018; Risner et al., 2020a; Risner et al., 2021b),
we separated RGC types based on soma size, dendritic stratification within the inner plexiform layer
(IPL), and light-evoked responses. Here, we focused our analysis on two well-characterized aRGCs:
aON-S (n = 11 cells from 6 mice) and aOFF-S RGCs (n = 6 cells from 5 mice) (Krieger et al., 2017).

aON-S RGCs possessed large cell bodies (307.7 + 22.9 um?) with dendritic arbors projecting
within the proximal plexus formed by starburst amacrine cell dendrites, which we identified by choline
acetyltransferase (ChAT) labeling (Famiglietti and Kolb, 1976; Galli-Resta et al., 2000)(Fig. 2.1A).
aOFF-S RGCs also possessed large somas (209.2 + 16.2 um?) although smaller than aON-S RGC bodies
(p=0.0089). aOFF-S RGC dendritic arbors extended just beyond the distal ChAT band formed by
starburst amacrine cell dendrites (Fig. 2.1B). Similar to previous reports (Risner et al., 2020a), we found
aOFF-S RGC resting membrane potential (RMP) significantly more depolarized versus aON-S RGCs (-
55.2+ 1.0 mV vs. -59.7 £ 0.8 mV, p=0.004, Fig. 2.1C). RMP variability was consistent with previously
published results (Pang et al., 2003; Risner et al., 2018). In addition to RMP, aON- and aOFF-S RGCs
produced distinct voltage-gated responses to light stimulation. In the absence of light, tON-S RGC
produced few action potentials (2.56 + 0.69 Hz), but these cells generated robust and sustained spiking
during light onset (Fig. 2.1D). aOFF-S RGCs spontaneously fired action potentials in the dark (12.61 +

3.85 Hz), and light stimulation hyperpolarized membrane potential, reducing spiking. At light offset,
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aOFF-S RGCs membrane potential increased, and these cells produced a brisk sustained volley of spikes,

returning to baseline firing after about 3 s (Fig. 2.1E).
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Figure 2.1 Morphologic and physiologic characterization of retinal ganglion cells (RGCs)

Patched cells were filled with Alexa-fluor 555 dye (AL555, red) and morphologically reconstructed with confocal
microscopy. (A-B) Representative maximum intensity projections of alpha ON-sustained (aON-S) and alpha OFF-
sustained (a¢OFF-S) RGCs demonstrate characteristic soma size and dendritic branching patterns (upper). White arrows
indicate the axonal projection. Orthogonal projections of representative AL555-filled cells co-labeled for choline
acetyltransferase (ChAT, white) demonstrate the branching of aON-S and aOFF-S dendrites in the ON- and OFF-
sublaminas of the inner plexiform layer, respectively (lower). (C) a«OFF-S RGCs have a more depolarized resting
membrane potential (mean = -55.2 mV, n = 6) than aON-S (mean = -59.7 mV, n = 11) (p = 0.004, unpaired t test).
Error bars +/- standard error of the mean. (D-E) Representative current-clamp traces of the responses of aON-S (D,
upper) and aOFF-S (E, upper) RGCs to full-field light stimulation (yellow span) show the characteristic light
responses of the two cell types. Mean firing rates of all «ON-S (D, lower; n = 11) and aOFF-S (E, lower; n = 6) binned
into 200ms intervals during light stimulation (yellow). **: p < 0.005.

Similar to their light responses, RGCs also produce distinct responses to hyperpolarizing current
injections (Mitra and Miller, 2007a; Margolis et al., 2010; Sladek and Nawy, 2020). Here, we investigated
distinguishing properties of aON- and acOFF-S RGCs in response to depolarizing currents (Twyford et al.,

2014; Kameneva et al., 2016). We performed current-clamp (0 pA) recordings and measured responses of
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aRGCs to 1 s pulses of depolarizing current, ranging from 0 to 300 pA. We noticed aON-S RGCs
typically required strong depolarizing currents to induce robust spiking (Fig. 2.2A, left). To the counter,
aOFF-S RGCs often produced a sustained train of action potentials in response to relatively small
depolarizing current injections, but larger depolarizing currents often reduced spiking (Fig. 2.2A, right).

In addition to stimulus strength increasing variability in spike rate, we noted strong depolarizing currents
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Figure 2.2 Current-evoked spike dynamics demonstrate cell type—intrinsic differences

The voltage responses of RGCs were recorded during 1 sec pulses of depolarizing current (0-300 pA, 2 sec inter-
stimulus interval). (A) Representative current-clamp responses of aON-S (left) and aOFF-S (right) cells to 0, 100, 200,
and 300 pA pulses. As magnitude of test current increases aOFF-S spike trains become more irregular and repetitive
spiking is reduced. (B) aON-S and aOFF-S cells respond differently to the same magnitude of stimulation. aOFF-S
cells fire more rapidly but ultimately plateau and decrease in rate. A two-way ANOVA analyzing the effects of cell
type and depolarizing current on spike rate demonstrates a significant interaction between cell type and current (p <
0.0001). (C) To control for the influence of resting membrane potential (RMP) on current-evoked spiking we selected
a subset of cells from both aON-S (n=3) and aOFF-S (n=3) cells with overlapping RMPs (-57 +/- 1 mV) for analysis.
(D) This subset of aON-S and aOFF-S cells still respond differently to the same magnitude of stimulation, closely
resembling the pattern of the full sample (Fig 2B). Two-way ANOVAs indicate that there is no significant difference
between the current-spiking relationship for the subset vs. full sample for either aON-S (p=0.9317) or aOFF-S
(p=0.9618). Error bars: +/- standard error of the mean.
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increased variability in spike shape (Fig. 2.2A, right). We quantified the relationship between test current
and spike rate of «ON- and aOFF-S RGCs. We found a significant interaction between cell type and test
current (p < 0.0001), indicative of cell type-intrinsic differences in excitability (Fig. 2.2B). To control for
the potential influence of differing RMPs on these results (see Fig. 2.1C), we selected a subset of cells

from each type with similar RMPs (-57 £ 1 mV, Fig. 2.2C) for comparison. We found that the current-
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Figure 2.3 Cell type-specific differences in firing dynamics are reflected in the action potential
shape

(A) Mean action potential (AP) shapes for aON-S cells at each current step. (B) Mean AP half-width vs.
stimulus duration for each current level of «ON-S cells. (C) Mean action potential (AP) shapes for aOFF-S cells
at each current step. (D) Mean AP half-width vs. stimulus duration for each current level of aOFF-S cells. (E)
AP half-width coefficient of variation (CV) vs. applied current for cON-S and aOFF-S cells. As depolarization
increases, the variability of AP width increases significantly more for «OFF-S cells than a«ON-S (Mixed effects
analysis interaction between current and cell type, p < 0.0001). (F) The mean spike rate at each current injection
vs. the AP half-widths. «OFF-S RGCs demonstrate significant rate-dependent spike widening (simple linear
regression, nonzero slope p < 0.0001) while aON-S RGCs do not (p = 0.0668). Error bars = mean +/- standard
error of the mean.
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spiking relationships of this subset closely resembled the pattern of the full sample of cells (Fig. 2.2D),
and we did not detect a significant difference in current-evoked spike rates for the subset versus full
sample for either aON-S (p=0.9317) or aOFF-S RGCs (p=0.9618).

As mentioned above, we noticed relatively small test currents appeared to impact acOFF-S RGC
AP shape more than «ON-S RGC APs. We determined if depolarizing currents distinctly affect tON-S
versus aOFF-S RGCs by averaging AP waveforms at each test current. tON-S RGC AP waveforms
remained relatively similar across test currents (Fig. 2.3A). During the duration of larger test currents,
aON-S RGC AP half-width modestly increased, though remained consistent (Fig. 2.3B). The AP width of
aOFF-S RGCs, however, grew larger with increasing depolarization (Fig. 2.3C). Interestingly, at larger
currents, aOFF-S AP half-width variability appeared greater compared to aON-S RGCs (Fig 2.3D). To
guantify this variability, we determined the coefficient of variation (CV) of AP half-widths for each
stimulus. We found as depolarization increased, the variability of tcOFF-S RGC AP half-width
significantly increased compared to aON-S RGCs (p < 0.0001, Fig. 2.3E).

Others have found spike rate influences AP shape (de Polavieja et al., 2005). Because we found
current-evoked spike rate is dependent on cell type (Fig. 2.2), we measured the influence of spike rate on
AP half-width for both aON- and aOFF-S RGCs to determine if differences in AP width could be
explained solely by firing rate (Fig. 2.3F). We found aOFF-S RGC AP half-widths significantly increased
as spike rate increased (p < 0.0001). To the counter, atON-S RGC AP half-widths remained relatively
stable as spike rate increased (p = 0.0668). These data suggest aON- and aOFF-S RGCs can be

distinguished, in regard to AP width, by their dependence on spike rate.

2.3.2 Sensitivity to K* determines RGC type-specific differences in spike rate and waveform
Rate-dependent spike widening is largely mediated by K* currents during action potential

repolarization (Ma and Koester, 1996). Based on this premise, we determined if modulating the K*

concentration gradient could explain cell type-specific differences in RMP, spike rate, and spike width.

We employed a within-subjects approach where recordings were performed before and after bath
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Figure 2.4 aOFF-S cells are more depolarized by elevated extracellular potassium

(A) Schematic timeline of experiment, and representative spontaneous voltage responses of aON-S and aOFF-S
cells during high K* medium (additional 5mM KCI) wash on and off. Black arrows indicate onset of significant
depolarization (left) or repolarization (right). (B) Resting membrane potentials (RMP) measured for each cell before
and after addition of 5mM KCI. High K* significantly depolarized both «ON-S and aOFF-S cells (paired t tests, p <
0.0001 for both). (C) Change in RMP (ARMP) after high K* addition. ARMP was significantly greater for aOFF-S
cells (unpaired t test, p = 0.0038). Error bars: +/- standard error of the mean.

application of extracellular medium containing additional KCI (extra 5 mM, high K*, Fig 2.4A). The
additional 5 mM K* in this experimental approach brought the total extracellular K* concentration to 8
mM, making this treatment a physiologic depolarizing stimulus (Heinemann and Lux, 1977). High K*
significantly depolarized RMP of both cell types (p < 0.0001 for both, Fig. 2.4B). Notably, RMP of aON-
S and aOFF-S cells did not appear equally affected by high K* treatment. We analyzed this apparent
difference by computing the difference in baseline and high K* RMP (ARMP). We found ARMP of

aOFF-S cells significantly greater than aON-S RGCs (p = 0.0038, Fig. 2.4C).
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We next sought to determine how differences in sensitivity to high K* on RMP may influence
current-evoked spiking of aRGC types. We measured spiking using the same depolarizing current
stimulation protocol described earlier (Fig. 2.2). High K* treatment not only increased spontaneous
spiking of aON-S RGCs, but also increased spiking at smaller test currents and appeared to cause
depolarization block at test currents where it previously did not occur (Fig. 2.5A). Overall, we found high

K™ significantly altered the test current-spike rate relationship of aON-S RGCs (p = 0.0397, Fig. 2.5B).
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Figure 2.5 aOFF-S firing dynamics are more sensitive to elevated extracellular potassium

(A) Representative current-clamp responses of a«ON-S cells to 0, 100, 200, and 300 pA pulses, before and after
washing on high K*. (B) The current-spiking relationship for «ON-S before and after high K*. High extracellular K*
significantly alters the current-spiking relationship (2-way ANOVA, Potassium-Stimulation interaction effect p =
0.0397). Elevated potassium increases the firing rate of aON-S RGCs at most current steps but induces a plateau
and decrease in rate with variably widened and failed action potentials with stronger depolarizations. (C)
Representative current-clamp responses of aOFF-S cells to 0, 100, 200, and 300 pA pulses, before and after
washing on high K*. (D) The current-spiking relationship for aOFF-S before and after high K*. High extracellular
K* significantly alters the current-spiking relationship (2-way ANOVA, Potassium effect p = 0.0005). In the
presence of elevated K*, the rates of aOFF-S cells are significantly decreased and quickly drop to zero with
increased stimulation, with many failed action potentials. Error bars: +/- standard error of the mean.
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High K* treatment also dramatically altered aOFF-S cell current-induced spiking. Increasing test current
strength in aOFF-S cells caused depolarization block, reducing spike rate and increasing the number of
failed APs (Fig. 2.5C). Overall, we found high K* significantly changed the test current-spike rate

relationship of aOFF-S RGCs (p = 0.0005, Fig. 2.5D).
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Figure 2.6 Elevated extracellular potassium significantly alters action potential shape

(A) Mean action potential (AP) shapes for aON-S cells in high K* conditions at each current step. (B) Mean AP
half-width vs. stimulus duration for each current level of high K* aON-S cells. (C) Mean action potential (AP)
shapes for high K* aOFF-S cells at each current step. (D) Mean AP half-width vs. stimulus duration for each
current level of high K* aOFF-S cells. (E) The mean spike rate at each current injection vs. the AP half-widths for
cells in high K* conditions. High K" aON-S RGCs demonstrate significant rate-dependent spike widening (simple
linear regression, nonzero slope p < 0.0001) (F) The coefficient of variation (CV) of AP half-widths vs. magnitude
of current pulse for aON-S before and after elevated K*, and comparison to aOFF-S baseline relationship. Mixed
effects analysis of potassium and current on half width for cON-S cells shows a significant interaction between
current and potassium (p = 0.0253). Mixed effects analysis of half-width CVs for aON-S + high K* and aOFF-S at
baseline demonstrates no significant difference between the groups (p = 0.7190). Error bars: +/- standard error of
the mean.
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Finally, we investigated the impact of high K* on spike rate and AP shape. In addition to
increasing spike rate and facilitating depolarization block (Fig. 2.5), high K* augmented AP width in
aON-S cells (Fig. 2.6A). Similar to aOFF-S RGC APs produced under baseline conditions (Fig. 2.3D),
we observed high K* treatment not only increased aON-S cell AP half-width but also increased
variability, especially at larger test currents (Fig. 2.6B). High K* also increased aOFF-S cell AP width
(Fig. 2.6C) and considerably decreased aOFF-S spiking, essentially eliminating sustained spiking at
stronger depolarizations (Fig. 2.6D). Interestingly, under high K+ conditions a«ON-S cells demonstrated a
significantly linear correlation between spike rate and AP width (Fig. 2.6E) — similar to aOFF-S cells
under baseline conditions (Fig 2.3F). Furthermore, the relationship between current and AP half-width
CV of aOFF-S cells under baseline conditions and aON-S cells treated with high K* was not statistically
different (p = 0.719, Fig 2.6F).

Evidence suggest intrinsic excitability of RGCs is in part due to axon initial segment (AIS)
morphology (Werginz et al., 2020; Wienbar and Schwartz, 2022). In particular, the scaling of the AIS in
a-Sustained cells is important for fine tuning spiking thresholds and varies systematically by retinal
topography (Raghuram et al., 2019). To evaluate the potential influence of AIS scaling on our results we
labeled recorded cells for ankyrin-G (AnkG), a scaffolding protein that defines the AIS (Fig. 2.7A,B; n=7
aON-S, n=6 aOFF-S). We measured AIS distance from soma and length based on AnkG
immunofluorescence. We did not detect a significant difference between AlS distance from the soma
(Fig. 2.7C, p=0.3897) or AIS length (Fig. 2.7D, p=0.1145 ) between aON- and aOFF-S RGCs. Because
the length of the AIS is linked to threshold for AP generation (Jamann et al., 2021) as well as a higher
threshold for depolarization block (Werginz et al., 2020; Wienbar and Schwartz, 2022) we investigated
the relationship between AIS length and current-evoked spiking in our cells. We used linear regression to
determine the slope of this relationship at each test current (Fig. 2.7E). At smaller test currents (0-140pA)
aOFF-S cells had a positive correlation between AlS length and spike rate, whereas there was a
moderately negative correlation for aON-S cells (Fig. 2.7F). However, at larger test currents (180-300pA)

the relationship for aOFF-S cells flipped, with cells with longer AlSs exhibiting lower spike rates. R?
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values for regressions (Fig. 2.7G) were moderately high (0.35-0.61) for aOFF-S except at test currents
correlating with the onset of depolarization block (160-180 pA, R?=0.05-0.20), while they were fairly low

at all currents for aON-S cells (0.06-0.20).
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Figure 2.7 The relationship between AIS length and evoked spike rate varies by cell type and
strength of stimulation

(A-B) Representative images of Alexa 555 (AL555, red) dye-filled aON-S (A) and aOFF-S (B) retinal ganglion cells
labeled for the axon initial segment (AIS) protein ankyrin-G (AnkG, green). Annotations demonstrate the dimensions
of AIS distance from soma and length which are quantified below. (C-D) AIS distance from soma (C) and length (D)
do not differ significantly between the two RGC types (p = 0.38397, unpaired t-test; p = 0.1145, unpaired t-test).
Error bars: +/- standard error of the mean. (E) Example scatter plot and linear regression best fit lines of the
relationship between AIS length and current-evoked spiking rate, for 280 pA current injection. Shaded regions are
95% confidence intervals for best fit lines. (F) The slope of the regression best fit lines at each test current for aON-S
and aOFF-S RGCs. (G) R? values of the linear fits at each test current for «ON-S and aOFF-S RGCs.

60



2.4 Discussion

2.4.1 aON-S and 0 OFF-S RGCs exhibit distinct excitability profiles and spike waveforms

Our findings indicate aON-S and aOFF-S RGCs maintain distinct resting membrane potentials
(RMPs) and voltage-gated responses to depolarizing currents, in addition to differences in light-evoked
activity (Figs. 2.1, 2.2). We found aOFF-S RGCs produced more robust responses to small depolarizing
currents compared to aON-S RGCs (Fig. 2.2). This difference is driven by more than simply the higher
spontaneous activity of aOFF-S in these recording conditions since the slope of the increase in rate is
greater for aOFF-S than aON-S cells (Fig. 2.2B). In response to larger current injections, tOFF-S RGCs
often produced few full spikes, followed by aborted action potentials, and sustained membrane potential,
indicating depolarization block. To the counter, tON-S RGC responses remained robust to large current
injections (Fig. 2.2). These differences persisted even when controlling for RMP (Fig. 2C,D) lending
support to RGC-intrinsic mechanisms driving differences in spike rate and depolarization block. While
our interpretations are limited by our sample size, these findings confirm and extend the evidence that ON
and OFF RGC responses are differentially dependent on stimulus amplitude (Twyford et al., 2014;
Kameneva et al., 2016).

In addition to spike rate, we found acON-S and aOFF-S RGC AP width to be differentially
dependent on stimulus strength. aOFF-S RGC AP half-width dramatically increased as depolarizing
current increased, whereas aON-S RGC AP half-width modestly increased in response to increasing
depolarizing currents (Fig. 2.3A-D). This AP widening phenotype closely resembles previously reported
results in RGCs (Goethals et al., 2021). Stronger depolarizing currents also increased AP half-width
variability in aOFF-S RGCs while aON-S RGC half-width variability remained constant across test
currents (Fig. 2.3E). aOFF-S RGC AP width variability increased prior to the onset of depolarization
block (60-160 pA, Fig. 2.2B), suggesting for an interaction between mechanisms generating
depolarization block and maintaining AP half-width. We tested this notion by comparing AP half-width

to spike rate for each test current (Fig. 2.3F). We found aOFF-S RGC AP half-width significantly
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correlated with spike rate, but the same did not hold true for tON-S RGCs. Our findings suggest that
mechanisms generating depolarization block and regulating AP half-width are related, representing a
fundamental physiologic difference between aON-S and aOFF-S RGCs.

An overall limitation to this study is measurements of current-evoked responses under
physiologic conditions may not completely isolate cell-intrinsic activity. Indeed, current injected at the
soma will spread to both axonal and dendritic compartments. Depolarizing dendritic membranes will not
only produce postsynaptic plasticity that influences voltage-gated activity, but also may induce
presynaptic plasticity that can impact voltage-gated activity of the postsynaptic cell (Markram et al.,
1997; Feldman, 2012). Notwithstanding, other methods for measuring intrinsic responses such as genetic

models, culture systems, or pharmacology may also affect intrinsic responses.

2.4.2 Sensitivity to extracellular K* underlies differences in RGC spiking and AP width
Rate-dependent spike widening is driven by K* currents (Ma and Koester, 1996; Kasten et al.,
2007). Moreover, computational modeling also links differences in K* permeability to the distinct
stimulation thresholds for AP failure and depolarization block in ON versus OFF RGCs (Kameneva et al.,
2016). Based on this premise, we sought to probe sensitivity to K* gradients as a potential physiologic
underpinning for the distinct excitability profiles and AP widths we observed in aON-S and aOFF-S cells.
Application of high K* medium expectedly depolarized RMP of both «RGC types but had a
significantly more pronounced effect on aOFF-S RGCs (Fig. 2.4B,C). Similarly, the current-spiking
relationship for both cell types was altered (Fig. 2.5). aON-S cells maintained spiking activity, but
additional depolarizing current input to aOFF-S cells overwhelmed spike generation capacity (Fig. 2.5).
These experiments support our key finding that aON-S and aOFF-S RGCs have different sensitivities to
the K* concentration gradient across their membranes. Intriguingly, the current-spiking and AP shapes of
aON-S cells under high K* conditions closely resembled those of aOFF-S cells under baseline conditions

(Fig. 2.6). Under these conditions, aON-S cell AP failure increased and firing rate decreased with
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stronger depolarizing stimulation. Furthermore, the high K*-induced changes in aON-S AP shape at large
depolarizations mirrored those seen in aOFF-S cells.

Evidence suggest AIS scaling mediates intrinsic excitability (Raghuram et al., 2019; Werginz et
al., 2020; Wienbar and Schwartz, 2022). Thus, we investigated the scaling of the AIS as a potential
contributor to differences in spike rate and depolarization block (Fig. 2.7). For our sample, we did not
detect significant differences in aON- and aOFF-S RGC AIS dimensions (Fig. 2.7C,D). A limitation of
this study is that we did not recover the topographic location of cells in our sample, which is important
because AIS dimensions can vary with retinal topography (Raghuram et al., 2019), though we have
previously reported our RGC samples are biased to the mid-to-peripheral retina (Risner et al., 2018) but
without bias in respect to topography (Boal et al., 2020). Intriguingly, we found that the relationship
between AIS length and spike rate varied not only by cell type, but also by the strength of stimulation
(Fig. 2.7F). At low currents, aOFF-S cells with longer AlSs had higher evoked spike rates. This
corroborates previous evidence that AlS length is a driver of AP generation threshold (Jamann et al.,
2021). However, with stronger stimulation this relationship flipped. Beyond the point where
depolarization block began to occur in the majority of aOFF-S RGCs, the cells with longer AlSs had
lower spike rates. Furthermore, AIS length accounted but for a small amount of the variance in aON-S
cell spike rates (Fig. 2.7G). These results support the notion that the contributions of the AIS to spiking
output vary by cell type but also suggest that AIS structure cannot completely explain RGC excitability
and threshold for depolarization block.

The ability of increased extracellular K* to shift the response properties of aON-S toward those of
aOFF-S suggests that sensitivity to extracellular K* is an important component shaping the different
responses of the two RGC types. There are numerous potential targets for identifying the mechanistic
underpinning of this difference in K* sensitivity, due to the diversity of K* channels expressed in RGCs
(Zhong et al., 2013). Channels associated with rate-dependent spike widening (as seen in Fig. 2.3F and
2.6E) and modulating neuronal excitability, such as those mediating A-type voltage-gated K* currents

(Ma and Koester, 1996; Holmaquvist et al., 2002), or the Ca?*-activated BK channels (Wang et al., 1998;
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Gu et al., 2007) may be promising for future investigation. RGC type-specific expression data (Tran et al.,
2019; Goetz et al., 2022) present an opportunity to gain a detailed understanding of which channels may

contribute to these physiological differences.

2.4.3 Linking intrinsic neuronal properties to cell-type specific vulnerabilities to degeneration

In addition to contributing to voltage-gated responses of aON-S and aOFF-S RGCs under
physiologic conditions, the difference in K* sensitivity between these two cells may have important
implications in a pathological context, which is an ongoing topic of investigation in our laboratory.
Extracellular K* concentration is tightly regulated under physiologic conditions, rarely fluctuating more
than a few millimolar and not exceeding 12 mM in local concentration (Heinemann and Lux, 1977).
However, mechanisms regulating extracellular K* concentration can become disrupted in glaucoma
(Fischer et al., 2019a; Fischer et al., 2019b), a neurodegenerative disease affecting RGCs and their axonal
projection to the brain. Furthermore, select K* channels can contribute to RGC degeneration via
interaction with apoptotic pathways (Diem et al., 2001b; Koeberle et al., 2010). RGCs are a highly
heterogeneous population, with different types defined by morphology, physiology, and molecular
markers (Sanes and Masland, 2015; Baden et al., 2016; Bae et al., 2018; Tran et al., 2019). Importantly,
certain cell types may be more vulnerable to glaucomatous degeneration than others, especially OFF
RGCs, measured in terms of dendritic field size, arbor complexity, and excitability (Della Santina et al.,
2013; El-Danaf and Huberman, 2015; Ou et al., 2016). Stressed RGCs exhibit enhanced excitability early
in glaucoma, preceding frank degeneration (Risner et al., 2018; McGrady et al., 2020; Risner et al.,
2020a), and are metabolically restricted (Inman and Harun-Or-Rashid, 2017; Casson et al., 2021). Given
type-specific differences in K* sensitivity, dysfunctional K* homeostasis in glaucoma could impose
different degrees of stress on aON-S and aOFF-S cells, influencing changes to excitability, AP
generation, and sustained firing, contributing to type-specific vulnerability to disease.

Broadly, understanding intrinsic neuronal properties could offer insight into the progression of

many neurodegenerative diseases, which are heterogenous and affect a wide variety of central nervous
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system regions and cell types. Despite their disparate etiologies and pathophysiologic processes, many of
these diseases share common hallmark features of progression. Notably, many diseases including
Alzheimer’s Disease (Palop and Mucke, 2016), Parkinson’s Disease (Subramaniam et al., 2014), and
Amyotrophic Lateral Sclerosis (Vucic et al., 2008) also exhibit neuronal hyperexcitability early in their
progression. This pathophysiologic change stresses neurons, affecting metabolic demand and calcium
load, pushing neurons beyond their threshold for cellular damage towards death. Further, cell type-
specific vulnerability is not unique to glaucoma (Saxena and Caroni, 2011; Fu et al., 2018). Intrinsic
morphologic, physiologic, and biochemical properties might underpin increased sensitivity to
degeneration during stress (Fu et al., 2018). Understanding which intrinsic properties underly selective
vulnerability in disease offers insight into early degenerative mechanisms and potential therapeutic

targets.
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CHAPTER 3
RETINAL GANGLION CELLS ADAPT TO IONIC STRESS IN EXPERIMENTAL

GLAUCOMA

3.1 Introduction

Glaucoma is the leading cause of irreversible vison loss worldwide (Tham et al., 2014). The
disease involves progressive degeneration of retinal ganglion cells (RGCs) and their axons, which carry
visual information from the eye to central targets in the brain. Aging is the leading risk factor, though
sensitivity to intraocular pressure (IOP) is the only modifiable risk factor. In glaucoma, stress evolving
from sensitivity to IOP challenges RGC axons as they pass unmyelinated through the optic nerve head of
the retina. Many patients continue to lose vision despite efforts to manage IOP with topical and surgical
hypotensive therapies (Heijl et al., 2002), underscoring the need to identify new therapeutics based on
mechanistic understanding of how RGCs and their axons respond to glaucomatous stress.

Development of neuronal-based therapies for the treatment of glaucoma requires identification of
targets involved in pathophysiology, target-specific therapeutics, and biomarkers to assay outcomes
(Calkins, 2021). Early progression in experimental glaucoma involves enhanced RGC excitability with a
concurrent reduction in axon function (Risner et al., 2018). Prolonged stress ultimately overcomes the
adaptive mechanisms and leads to RGC degeneration (Sappington et al., 2010; Naguib et al., 2021; Risner
et al., 2021b; Risner et al., 2022). The RGC population is heterogeneous (Sanes and Masland, 2015;
Baden et al., 2016; Bae et al., 2018; Tran et al., 2019), with RGC-intrinsic factors shaping their individual
response properties (Emanuel et al., 2017; Werginz et al., 2020; Wienbar and Schwartz, 2022).
Importantly, such intrinsic differences may predispose certain RGC types to be particularly sensitive to
IOP-related stress (Della Santina et al., 2013; El-Danaf and Huberman, 2015; Ou et al., 2016; Risner et
al., 2021b). Previously, we established that different RGC subtypes exhibit varied sensitivities to elevated

extracellular potassium (Boal et al., 2022). Dysregulation of potassium ion (K*) homeostasis and channel
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expression contribute to altered excitability in neurodegenerative diseases, including glaucoma, and
represent potential targets for early diagnosis and treatment (Hall et al., 2015; Frazzini et al., 2016;
Cacace et al., 2019; Fischer et al., 2019a; Fischer et al., 2019b; Kim et al., 2021).

Here, we utilized our inducible mouse model of glaucoma (Sappington et al., 2010; Calkins et al.,
2018) to investigate how prolonged exposure to elevated IOP changes RGC sensitivity to acutely elevated
extracellular K*. Following four weeks of IOP elevation, alpha ON-sustained (aON-S) and alpha OFF-
sustained (aOFF-S) RGCs had reduced responses to light and depolarizing current stimulation, consistent
with previous results (Risner et al., 2021b; Risner et al., 2022). In controls with normal 10P, challenging
RGCs with high extracellular K* led to membrane depolarization, blunted spike rate, and action potential
(AP) widening in both aON-S and aOFF-S cells. IOP elevation reduced the effects of elevated K* in both
RGC types. Compared to controls, RGCs exposed to elevated IOP were less depolarized and maintained
greater current-evoked spiking during acute K* elevation. Furthermore, K*-dependent AP widening was
decreased, though the impact of IOP on AP widths differed for tON-S and aOFF-S cells.
Immunolabeling of the axon initial segment (AIS), the site of AP initiation in neurons, revealed that IOP
elevation did not structurally alter AIS scaffolding for either RGC type.
These results suggest that, after four weeks of IOP elevation, RGCs undergo an adaptive process that
reduces sensitivity to acutely elevated K* while diminishing their excitability. Differences between aON-
S and aOFF-S in how AP widths vary with IOP exposure and K* conditions support evidence for cell-
type specific responses to stress. This adaptation involves altered AP generation, indicating an axongenic

process, but it is not solely reflective of axonal structural plasticity.
3.2 Materials and methods

3.2.1 Animals
We obtained 15 C57BI6/J mice (8 males, 7 females, 12-20 weeks old) from Jackson Laboratories
(Bar Harbor, ME). These numbers were determined, based upon our previous experience with this model

and recording strategy (Risner et al., 2018; Risner et al., 2021b; Boal et al., 2022), to provide a sufficient
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number of each cell type for statistical comparisons. Mice were housed at the Vanderbilt University
Division of Animal Care and maintained on 12-hr light/dark cycle. Animals were allowed water and
standard rodent chow ad libitum. All animal experiments were reviewed and approved by the Vanderbilt

University Medical Center Institutional Animal Care and Use Committee.

3.2.2 Intraocular pressure elevation and measurement

Mice were anesthetized with isoflurane (2.5%) and administered tropicamide (1%), proparacaine
(0.5%), and lubricating drops in both eyes. For the four week intraocular pressure (IOP) elevation group
(4wk 10P) we bilaterally injected 1.5 puL of 15 um polystyrene microbeads (Invitrogen, Carlsbad, CA)
into the anterior chamber of the eye (Sappington et al., 2010) using borosilicate glass pipette attached to a
micromanipulator (M3301R, WPI, Sarasota, FL), driven by a microsyringe pump (DMP, WPI, Sarasota,
FL). For the 4wk saline control group (4wk Ctrl) we bilaterally injected an equal volume of sterile
phosphate-buffered saline (PBS) into the anterior chamber using the same system. Mice were injected in
cohorts of five at a time. For 4wk Ctrl, a second cohort of five was done because an insufficient number
of cells of interest were recorded from the first. Animals of both sexes were evenly split between
experimental groups (p=0.5581, chi-squared test).

For IOP measurements, mice were lightly anesthetized with isoflurane (2%) and pressures were
measured using rebound tonometry (iCare Tonolab; Vantaa, Finland). IOP for each eye was determined
as the mean of 15 consecutive measurements. For the two days preceding anterior chamber injections we
measured IOP for each group and averaged these values to determine baseline IOP. Beginning two days

post-injection, IOP was measured three times per week for the duration of the 4wk experimental period.

3.2.3 Electrophysiology

Approximately 4 weeks (+2 days) following anterior chamber injection mice were euthanized via
cervical dislocation and decapitation, eyes were enucleated, and the retinas were dissected out under long-
wavelength illumination (630 nm, 800 pW/cm?, FND/FG, Ushio, Cypress, CA). Retinas were placed in

carbogen-saturated Ames’ medium (US Biologic, Memphis, TN) supplemented with 20 mM D-glucose
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and 22.6 mM NaHCOs; (pH 7.4, 290 Osm). Each retina was mounted flat onto a physiological chamber,
inner retina facing upwards, and perfused at a rate of 2 mL/min with Ames’ medium maintained at 35°C
(Model TC-344C, Warner Instruments, Hamden, CT).

Retinal ganglion cells (RGCs) were viewed under differential interference contrast (DIC) using
an Andor CCD camera attached to an Olympus BX50 upright microscope at 40x magnification. RGCs
with large somas were targeted for intracellular recording with pipettes pulled from borosilicate glass
(1.D. 0.86mm, O.D. 1.5mm; Sutter Instruments, Novato, CA) and filled with (in mM): 125 K-gluconate,
10 KCI, 10 HEPES, 10 EGTA, 4 Mg-ATP, 1 Na-GTP, and 0.1 ALEXA 555 dye (Invitrogen, Carlsbad,
CA). The intracellular solution pH was 7.35 and osmolarity was 285 Osm. Recording pipettes filled with
intracellular solution had a resistance between 4-8 MQ. Whole-cell current-clamp signals were amplified
(Multiclamp 700B, Molecular Devices, San Jose, CA) and digitized at 10 kHz (Digidata 1550A,
Molecular Devices, San Jose, CA). Access resistance was monitored periodically during recordings and
maintained <30 MQ.

We measured resting membrane potential (RMP), spontaneous spiking, light-evoked spike
activity (full-field 365+460nm, 3.4 mW/cm?, 3-s duration, CoolLED, pE-4000, Andover, UK), and
current-evoked spiking while clamping the cell at 0 pA. Current-evoked spiking was measured during
stepwise application of 1 s depolarizing current pulses, ranging from 0 to +300 pA in 10 pA increments,

with a 2 s inter-stimulus interval. Current was clamped at 0 pA between pulses.

3.2.4 High extracellular potassium recordings

A second batch of Ames’ medium was prepared as described above, but with an additional 5 mM
of KClI (i.e., high K*), bringing the total K* concentration to 8mM. Following completion of baseline
recordings, high K* medium was washed into the recording chamber while RGC membrane voltage was
continuously recorded. Prior to high K* experimental recordings, we allowed a wash on period of 5-6
min, allowing RGC membrane potential to stabilize. Recordings (RMP, spontaneous activity, light-

evoked spiking, current-evoked spiking) were then performed as described above. After high K*
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experiments the extracellular medium was switched back to the baseline solution and RGC membrane
voltage was continuously measured during a wash off period of 10-20 min, allowing RGCs to recover
baseline RMP and spontaneous activity. Full recovery typically took 10-15 min, although it occasionally
required up to 20 min. We limited the number of experimental protocols to reduce the time of high K*
exposure. Furthermore, to limit potential cumulative effects of K* wash on/off, we limited the total

number of cells that were recorded under high K* to no more than 3 from each retina.

3.2.5 RGC physiology analysis

Raw data files from electrophysiologic recordings were analyzed in Python 3.9 using the pyABF
2.3.5 (Harden, 2022) and SciPy 1.7.1 modules (Virtanen et al., 2020). Action potentials (APs) were
detected from membrane voltage data using the SciPy “find_peaks” function with parameters of 20 mV
minimum prominence and a distance threshold of 1.5 ms. Spike rates for current-evoked spiking protocols
were reported as the average rate for 2 adjacent 10 pA increments of stimulation (20 pA bins). For AP
width measurements, a cubic spline function was fit to each AP waveform and half-width was measured
as the duration, in ms, where the membrane potential was above the midway point between AP peak and

minimum after-hyperpolarization.

3.2.6 Immunohistochemistry and imaging

Immediately following recordings, retinas were fixed in 4% paraformaldehyde and incubated at
4°C for 24 hr. After fixation, retinas were immunolabeled for choline acetyltransferase (ChAT, 1:100;
Millipore, Burlington, MA, Cat. #AB144P) and ankyrin-G (AnkG, 1:200; NeuroMab N106/36;
Antibodies, Inc Cat. # 75-146). Tissue was blocked in 5% normal donkey serum for 2 hr, then incubated
in primary antibodies for 3 d at 4°C, and finally incubated for 2 hr at room temperature with donkey anti-
goat Alexa 405 and donkey anti-mouse Alexa 488 secondary antibodies (Jackson ImmunoResearch, West
Grove, PA). Z-stack images of dye-filled RGCs were obtained using an Olympus FVV1000 inverted
microscope at 40x magnification. Image analysis, including creating orthogonal projections used for

visualization of dendritic stratification depth, was performed using ImageJ (NIH, Bethesda, MD).
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3.2.7 Axon initial segment analysis

We evaluated 11 4wk 0P cells (5 aON-S and 6 aOFF-S) and 18 4wk Ctrl cells (9 aON-S and 9
aOFF-S) with identifiable axon initial segments (AlSs) as defined by a segment of ankyrin-G (AnkG)
labeling that colocalized to a filled RGC axon. AnkG fluorescence was measured in ImageJ starting from
the edge of the soma along the axon in a max-intensity Z projection limited to the extent of the axonal
process. Background fluorescence was subtracted from AnkG intensity profiles using a rolling ball filter
with a radius equal to approximately 15% of the data length. Smoothed AnkG profiles were generated
using a Savitzky-Golay filter with a first order polynomial fit. Axon initial segment (AIS) bounds were
algorithmically defined as the extent where smoothed AnkG values were greater than 50% of the

difference between baseline and maximum intensity.

3.2.8 Data analysis and statistical tests

All data are reported as mean + standard error of the mean (SEM) unless otherwise indicated. All
statistical tests were performed in GraphPad Prism 9 (Graphpad Software, San Diego, CA). All data sets
were checked for normality. Where appropriate, parametric statistical tests (unpaired t-test, paired t-test,
2-way ANOVA, simple linear regression) were performed. When data were not normally distributed,
appropriate nonparametric tests (e.g. Mann-Whitney test) were performed. For ANOVA tests, p-values
were corrected for multiple comparisons. Where noted, determination of the influence of sex on high K+-
induced change in RMP was determined by multiple linear regression modeling (ARMP ~ Intercept +
Cell Type + Experimental Group + Sex). We defined statistical significance as a p-value of 0.05 or less.
Exact p-values and the specific statistical test used for each analysis are listed in the figure legends or

results text.
3.3 Results

3.3.1 Elevated IOP alters RGC electrophysiology
We performed bilateral injections of either polystyrene microbeads to occlude the anterior

chamber (n=5 animals, 10 eyes) or sterile phosphate-buffered saline (n=10 animals, 20 eyes) and
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measured intraocular pressure (IOP) for four weeks (Fig. 3.1). Following injections, IOP in saline-
injected eyes remained unchanged from baseline (Fig. 3.1A). Following microbead occlusion, 10P
increased 46% above their baseline (Fig. 3.1A), exceeding IOP in saline control eyes by 44% (Fig. 3.1B,

p<0.0001). IOP elevation in microbead eyes was sustained for the duration of the experiment (Fig. 3.1A).
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Figure 3.1 IOP elevation due to microbead occlusion of the anterior chamber

(A) Intraocular pressure (IOP) of microbead-injected eyes (4wk IOP) increases rapidly following injection (vertical
dotted line) and remain elevated for the duration of the 4 wks. The 10P of saline-injected eyes (4wk Ctrl) remains
unchanged from baseline. Shaded region: + standard error of the mean. (B) Mean IOP for each eye across all days
following microbead injection significantly elevates compared to Ctrl (p = 0.000046, unpaired t test). Error bars: +

standard error of the mean. ****p < 0.0001
After four weeks mice were sacrificed and retinas prepared for electrophysiologic recordings. As

previously described (Risner et al., 2018; Risner et al., 2020a; Risner et al., 2021b; Boal et al., 2022), we
targeted aRGCs for recording by identifying large cell bodies and confirmed cell types by characterizing
soma size, dendritic stratification within the inner plexiform layer (Famiglietti and Kolb, 1976; Galli-
Resta et al., 2000), and light-evoked responses (Fig. 3.2). We focused analysis on two well-characterized
and readily identifiable aRGC types: aON-Sustained (aON-S) and aOFF-Sustained (aOFF-S) (Krieger et
al., 2017). In the saline (4wk Ctrl) group we recorded 10 aON-S RGCs (7 eyes, 4 mice; 8 cells from
males, 2 from females) and 10 aOFF-S RGCs (8 eyes, 7 mice; 5 male, 5 female). In the microbead group
(4wk 10P) we recorded 10 aON-S RGCs (9 eyes, 5 mice; 4 male, 6 female) and 7 aOFF-S RGCs (7 eyes,
5 mice; 3 male, 4 female). Cells from mice of both sexes were evenly represented among aON-S and

aOFF-S for 4wk Ctrl (p=0.1596, chi-squared test) and 4wk 10P (p=0.9062, chi-squared test).
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Figure 3.2 Elevated IOP alters membrane and light-evoked spiking characteristics in ON-S and
0OFF-S RGCs

(A,B) Morphologic and physiologic characterization of retinal ganglion cells (RGCs). Patched cells were filled
with Alexa-fluor 555 dye (AL555, red) and morphologically reconstructed with confocal microscopy.
Representative maximum intensity projections of alpha ON-sustained («ON-S, A) and alpha OFF-sustained
(aOFF-S, B) RGCs demonstrate characteristic soma size and dendritic branching patterns (upper). White arrows
indicate the axonal projection. Orthogonal projections of representative AL555-filled cells co-labeled for choline
acetyltransferase (ChAT, white) demonstrate the branching of aON-S and aOFF-S dendrites in the ON- and OFF-
sublaminas of the inner plexiform layer, respectively (lower). (C) Resting membrane potentials (RMP) for both
cell types from 4wk Ctrl and 10P groups. RGC RMPs in the 4wk IOP group are more depolarized than controls (p
=0.0572, 2-way ANOVA). (D) Spontaneous spiking rates for cON-S and aOFF-S RGCs. aON-S cells in the 4wk
IOP group trend towards greater spontaneous spiking (p = 0.0507, Mann-Whitney test), whereas 4wk 0P aOFF-S
cells trend towards less spontaneous spiking (p = 0.1613, Mann-Whitney test). (E) Mean firing rates of aON-S
cells in the 4wk Ctrl and 4wk 10P groups binned into 200 ms intervals during light stimulation (yellow). (F) Mean
(left) and peak (right) light-evoked spike rates for aON-S cells. 4wk 10P decreases both measures (mean: p =
0.0202, unpaired t-test; peak: p = 0.0251, unpaired t-test). (G) Mean firing rates of aOFF-S cells in the 4wk Ctrl
and 4wk IOP groups binned into 200 ms intervals during light stimulation (yellow). (H) Mean (left) and peak
(right) light-evoked spike rates for aOFF-S cells. Error bars: * standard error of the mean. *p < 0.05.

Four weeks of IOP elevation altered the resting membrane and light-evoked spiking
characteristics of both RGC types. RGCs from the 4wk 10P group had a depolarized resting membrane
potential (RMP) relative to controls (Fig. 3.2C, p=0.0572; aON-S +2.25 mV, aOFF-S +2.41 mV).

Spontaneous spiking in the absence of light also appeared altered (Fig. 3.2D), with aON-S cells trending
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towards greater spiking (p=0.0507) and aOFF-S cells trending toward less spiking (p=0.1613). The
membrane voltage response to light stimulation for aON-S was significantly blunted after IOP elevation
(Fig. 3.2E,F), with cells from the 4wk 10P group exhibiting diminished mean (p=0.0202) and peak
(p=0.0251) spike rates in response to light onset. Light-evoked spiking also appeared altered in aOFF-S
cells (Fig. 3.2G,H), although not quite as overtly as aON-S cells. Mean and peak spike rates were not
significantly different between experimental groups (Fig. 3.2H), though the histogram of mean spike rates
(Fig. 3.2G) appeared qualitatively altered by 4wk 10P, with spiking at light offset tending to be less

sustained.

3.3.2 4wk IOP RGC:s are less sensitive to elevated extracellular potassium

Since potassium homeostasis may be altered in glaucoma (Fischer et al., 2019a; Fischer et al.,
2019Db), we next sought to investigate how 4 weeks of IOP elevation alters the sensitivity of RGCs to
acutely elevated extracellular potassium. As previously described (Boal et al., 2022), we performed a

within-subjects experimental design with recordings before and after application of extracellular medium

Al [ESwin | -smin | 1SS

Baseline Recordings Wash On High K* Recordings Wash Off Recovery
B aON-S aOFF-S C 55 okokok
-30 -30
e Baseline L]
e Highk®  -35 3 ® 20
-40 ;. s -
s < 40 f! e §15
'E' .50 o -E— 45 } A e o o) 08
2 . L ¢ . =10 00
. . =
© { & .50 o < 25d
55 il L e}
s o
70 . . -60 . . 0 l
4wk Ctrl 4wk IOP 4wk Ctrl 4wk IOP 4wk Ctrl 4wk IOP

Figure 3.3 Elevated IOP reduces the influence of extracellular potassium on RGC depolarization
(A) Timeline illustrating the design of acutely elevated extracellular potassium (High K*) experiments. Following
baseline recordings, extracellular medium with an extra 5 mM KCI is washed on for 5 min until membrane
potentials stabilized. High K* recordings are done, and then high K* is washed off with regular extracellular
medium until full recovery of membrane potential and spontaneous spiking, at least 15 min. (B) Resting membrane
potentials (RMPs) for tON-S and aOFF-S cells in both experimental groups before and after high K* wash on.
There is a significant interaction effect between K* and IOP for both a«ON-S (p = 0.0002; 2-way repeated measures
ANOVA) and aOFF-S (0.0063) cells. (C) The change in RMP following high K* wash on for each cell, separated
by experimental group. Cells exposed to 4wk 0P elevation are significantly less depolarized by high K* (p =
0.00000091, Mann-Whitney test). Error bars: + standard error of the mean. ****p < 0.0001
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containing additional KCI (extra 5 mM, high K*, Fig 3.3A). For both aON-S and aOFF-S high K*
depolarized the RMP, regardless of experimental group (Fig. 3.3B, p<0.0001 for both cell types).
However, there was a statistically significant interaction between IOP group and potassium effect on
RMP for both cell types (p=0.0002, aON-S; p=0.0063, aOFF-S). Comparison of the high K*-evoked
depolarization of RMP (ARMP) between experimental groups demonstrated that 4wk 10P RGCs were
significantly less depolarized by the acutely elevated potassium (Fig. 3.3C, p<0.0001). The sex of the
mouse from which an RGC came was not significantly associated with ARMP (p=0.1572, multiple linear
regression model).

aON-S and aOFF-S RGCs have distinct responses to depolarizing current (Twyford et al., 2014;
Kameneva et al., 2016), which are in part related to their different sensitivities to extracellular potassium
(Boal et al., 2022). We measured the spiking response of aRGCs to 1 s depolarizing current injections

ranging from 0 to +300 pA, before and after washing on high K* medium (Fig. 3.4), to determine how
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Figure 3.4 Current-evoked spiking is less depressed by high K* after IOP elevation

(A-B) Representative current-clamp responses of aON-S cells from both experimental groups to 0, 100, 200, and 300
pA pulses, before and after washing on high K*. (C-D) The spiking responses of aON-S cells to depolarizing current
pulses ranging from 0 to 300 pA, before and after high K*. (E-F) Representative current-clamp responses of aOFF-S
cells from both experimental before and after washing on high K*. (G-H) The spiking responses of a«ON-S cells to
depolarizing current pulses, before and after high K*. The difference in spike rates between baseline and high K*
groups for all cells is lower in the 4wk I0OP group than in the 4wk Ctrl (p = 0.0317, unpaired t-test). Error bars: +
standard error of the mean.
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4wk 10P exposure alters these properties. In saline controls, high K* appreciably altered the current-
spiking relationship of both «ON-S and aOFF-S cells. In baseline extracellular media control aON-S
RGCs (Fig. 3.4A,C) exhibited little spiking at low depolarizations but spike rates increased as the
strength of depolarization increased. After high K* wash on, spike rates were higher at small
depolarizations but began to plateau and then slow as the strength of depolarization was increased.
Control aOFF-S RGCs (Fig. 3.4E,G) exhibited a different pattern of current-evoked spiking than aON-S,
but were also appreciably impacted by high K*. In baseline media control aOFF-S cells had relatively
high spike rates that initially increased with increasing stimulation, but reached a peak and began to
subsequently decrease beyond about 100 pA of depolarization. High K* considerably decreased spike
rates, which quickly fell to 0 Hz with increasing magnitudes of depolarization. In 4wk I0P aRGCs, high
K* appeared to have a lesser effect on current-evoked spiking than in controls. For aON-S cells (Fig.
3.4B,D), 4wk 10P excitability was diminished at baseline relative to controls, exhibiting less of an
increase in spike rate with increasing stimulation (p<0.001, simple linear regression). High K* again
blunted spike rates (p=0.0002), though not to the same degree as in controls. 4wk 10P exposure likewise
diminished aOFF-S excitability at baseline (Fig. 3.4F,H), with peak firing rates trending lower
(p=0.0639, unpaired t test), and lessened the impact of high K* on spiking, with cells appearing to
maintain the ability to fire at greater magnitudes of depolarization than in controls. Across both cell types,
the absolute difference in firing rates between high K* and baseline conditions was less in the 4wk 10P
group than in the 4wk control group (p=0.0317).

We previously found differences in excitability between aON-S and aOFF-S were reflected in the
shape of their action potentials (APs), and that high K* promoted rate-dependent AP widening (Boal et
al., 2022). We measured AP half-widths in both experimental groups to determine if decreased potassium
sensitivity in 4wk 10P RGCs was reflected at the level of AP generation (Fig. 3.5). Control aON-S cells
(Fig. 3.5A,C) exhibited minimal AP widening with increased stimulation at baseline. High K* media
widened aON-S APs and increased rate-dependent widening. Control aOFF-S cells (Fig. 3.5E,G) had a

moderate degree of rate-dependent AP widening at baseline, and high K* caused further widening. After
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4wk 10P elevation, aON-S APs (Fig. 3.5B,D) had slightly wider APs at baseline than controls (p=0.0133,
unpaired t test). However, 4wk I0P aON-S APs appeared less widened in high K* medium relative to
baseline. 4wk IOP aOFF-S cells (Fig. 3.5F,H) did not have appreciably different AP shapes at baseline
compared to controls (p=0.6867). Further, they too had less K* induced AP widening than control aOFF-
S cells. In total, the mean change in AP half-width after high K* application for all cells was significantly

less for 4wk IOP RGCs than for controls (p=0.0061).
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Figure 3.5 IOP elevation reduces the influence of high K* on action potential shape

(A-B) Mean action potential (AP) shapes of aON-S cells in baseline and high K+ conditions at each current step, for
4wk Ctrl (A) and 4wk 10P (B) groups. (C-D) Action potential half-widths of aON-S cells in baseline and high K+
conditions at each current step, for 4wk Ctrl (C) and 4wk 10P (D) groups. (E-F) Mean action potential (AP) shapes
of aOFF-S cells in baseline and high K+ conditions at each current step, for 4wk Ctrl (E) and 4wk 10P (F) groups.
(G-H) Action potential half-widths of aOFF-S cells in baseline and high K+ conditions at each current step, for 4wk
Ctrl (C) and 4wk IOP (D) groups. The potassium-induced widening of action potentials is lessened after 4wks IOP
elevation (p = 0.0061, unpaired t-test). Shaded regions: + standard error of the mean.

Finally, we explored a potential mechanism for the observed differences in RGC excitability and
potassium sensitivity. Scaling of the axon initial segment (AIS) is implicated in mediating intrinsic
excitability of RGCs (Raghuram et al., 2019; Werginz et al., 2020; Wienbar and Schwartz, 2022). The
AIS, marked by labeling for scaffolding protein ankyrin-G (AnkG), is a complex that clusters voltage-
gated ion channels in the proximal portion of the axon and serves as the site of AP generation (Zhou et al.,
1998; Gasser et al., 2012; Huang and Rasband, 2018; Leterrier, 2018). The dimensions of the AlS are
plastic and can change in response to stimuli, such as chronically elevated extracellular potassium (Grubb

and Burrone, 2010) and sustained sensory input (Jamann et al., 2021), in order to modulate neuronal
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excitability. Because changes to the AIS have been implicated in neurodegenerative disease (Sun et al.,
2014b; Marin et al., 2016; Hatch et al., 2017), we investigated whether altered AIS dimensions were
associated with the decreased RGC potassium sensitivity in our microbead model. We labeled filled
RGCs for AnkG and measured the AIS distance from the soma and length (Fig. 3.6A) for each RGC
axon. There were 11 4wk IOP cells (5 aON-S and 6 aOFF-S) and 18 4wk Citrl cells (9 aON-S and 9
aOFF-S) with identifiable axon initial segments. The AIS distance (Fig. 3.6B) and length (Fig. 3.6C)

from 4wk IOP RGCs was not statistically different than those of control RGCs.
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Figure 3.6 Axon initial segment dimensions are unchanged by IOP elevation

(A) Representative image of Alexa 555 (AL555, red) dye-filled RGC labeled for the axon initial segment (AIS)
scaffolding protein ankyrin-G (AnkG, green). Annotations demonstrate the dimensions of AlS distance from soma
and length which are quantified. (B-C) The AIS distance from the soma (B) and length (C) for all RGCs with AnkG-
labeled axons. 4wk IOP does not significantly alter either of these dimensions (Distance: p = 0.3194, unpaired t-test;
Length: p = 0.6007, unpaired t-test). Error bars: + standard error of the mean.

3.4 Discussion

3.4.1 Blunted RGC excitability occurs alongside a reduced sensitivity to high K* conditions

The data presented here support evidence of RGC excitability changes with prolonged exposure
to elevated IOP and offer insight into how RGCs respond to the acute stress of elevated extracellular
potassium. We hypothesized intrinsic differences in K* sensitivity between aON-S and aOFF-S RGCs
may drive a preferential susceptibility to elevated IOP-induced degeneration. In the present study we did
not evaluate the degree of RGC death by counting somas in the retina or axons in the optic nerve.
Previous work in the same model has established at the four-week timepoint there is some degeneration of

axons but minimal loss of RGC somas in the retina (Ward et al., 2014; Bond et al., 2016; Risner et al.,
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2021b; Risner et al., 2022). As in previous experiments at the four-week time point (Risner et al., 2021b;
Risner et al., 2022) we observed reduced light- and current-evoked RGC spiking (Figs. 3.2, 3.4). Though
the excitabilities of both aRGC types appear altered in the 4wk IOP group relative to controls, there
appears to be a marginally larger effect size on the aON-S cells. These findings could represent a
preferential susceptibility to IOP-related stress; however, excitability changes may also be an adaptive
response.

We challenged RCGs with acutely elevated extracellular K* to determine how sensitivity to ionic
stress changes with prolonged IOP elevation and how this impacts excitability. As expected, high K*
media depolarized RGC membranes for both cell types and both experimental groups (Fig. 3.3).
Remarkably, 4wk 10P elevation significantly diminished this effect, suggesting that there is decreased
RGC sensitivity to acute ionic stress. We examined the impact of potassium on RGC excitability to
determine if this difference was related to intrinsic changes, such as altered axonal K* ion channel
expression or function (Fig. 3.4). Stepwise application of depolarizing currents reflected previously
determined cell type (Twyford et al., 2014; Kameneva et al., 2016; Yang et al., 2018; Boal et al., 2022)
and IOP dependent (Risner et al., 2022) differences in RGC excitability, and high K* conditions
significantly impacted spiking. Strikingly, RGCs in the 4wk IOP group were less impacted by high K,
maintaining sustained spiking at greater magnitudes of depolarizing current before reaching the threshold
for depolarization block. These findings support the notion that decreased RGC excitability and altered K*
sensitivity are related to RGC-intrinsic changes.

To further probe these effects, we measured AP half-width during evoked spiking (Fig. 3.5).
Differences in this measure may reflect changes to the mechanisms of AP generation, as AP shape is
impacted by K* currents (Geiger and Jonas, 2000; Kole et al., 2007; Kuznetsov et al., 2012; Gonzalez
Sabater et al., 2021; Alexander et al., 2022). Again, there was a dramatic difference in the effect of K*
between the 4wk 10P and control groups: for both aON-S and aOFF-S, APs were less widened by high
K*. This further supports the hypothesis that elevated IOP is affecting RGC-intrinsic excitability and

suggests that there may be altered structure or function of voltage gated K* channels. Interestingly,
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however, there was cell type specificity in how AP widths differed with IOP exposure and K* conditions.
aON-S cells exhibited a widening of APs following 4wk IOP elevation, even in baseline, normal K*
conditions. On the contrary, aOFF-S AP widths were similar for both the 4wk IOP and the control groups
under normal K*. Both cell types had less change in AP width following high K* wash on, but this
difference was driven largely by the IOP-induced baseline shift for the tON-S RGCs. This is perhaps a
function of cell type-specific responses to stress, paralleling the differences seen in Fig. 3.2. aON-S
RGCs had significantly diminished light-evoked spiking, while aOFF-S light spiking was mostly
preserved. It remains to be determined whether these changes prove to be protective or maladaptive for

the RGCs with continued stress.

3.4.2 Retinal ganglion cell adaptation to prolonged stress

The significant differences in the impact of high K* conditions on RGC responses are suggestive
of an adaptive process, whereby RGCs alter their physiology to preserve function and/or mitigate further
degenerative stress. Hyperexcitability at 2 wks following IOP elevation is driven by axogenic processes
(Risner et al., 2018; Risner et al., 2020b), and these studies further support evidence of axonal changes at
4wks. RGC axonal excitability and AP generation is dependent upon and shaped by the AIS, a dynamic
structure, thus we focused our mechanistic exploration on alterations to the AIS dimensions. We
hypothesized that, similar to in vitro chronic depolarization (Grubb and Burrone, 2010), prolonged
glaucomatous stress from K* dysregulation and early hyperexcitability would lead to a distal shift in the
AIS away from the soma. Yet, the results shown in Fig. 3.6 do not demonstrate any differences in AIS
dimensions between 4wk IOP cells and controls. Though this interpretation is limited by sample size and
the lack of topographic location of cells, since AIS dimensions scale with retinal topography (Raghuram
et al., 2019), this finding indicates that our observed differences in excitability and K* sensitivity are
likely not solely reflective of AIS structural plasticity.

Rather, changes in voltage-gated ion channel and interacting protein expression, alongside larger

scale alterations in glial regulation of the extracellular milieu (Nwaobi et al., 2016; Murphy-Royal et al.,

80



2017; Fischer et al., 2019b; Theparambil et al., 2020; Boal et al., 2021), may underly a multifactorial
adaptive process to minimize metabolic and excitotoxic stress. Retinal regulation of extracellular K* is
largely accomplished by Miller glia (Newman et al., 1984; Karwoski et al., 1989; Kofuji and Newman,
2004), which undergo reactive changes in glaucoma and exhibit physiologic deficits in K* buffering
capacity (Bolz et al., 2008; Fischer et al., 2019b). RGC hyperexcitability driving increased K* flux may
compound with impaired glial buffering capacity, amplifying axonal stress. Furthermore, depressed
excitability may reflect interactions between dysregulated potassium and alterations in other ions, such as
calcium, which modulates neuronal excitability and can contribute to cell death (Jones and Smith, 2016;
Segal, 2018). Investigation of changes to expression and function of calcium-activated potassium
channels in this model may further elucidate ion-mediated mechanisms of glaucomatous degeneration
(Stirling and Stys, 2010; Crish and Calkins, 2011; Van Hook et al., 2019).

Glaucoma is a chronic and insidious disease, where the interaction between vulnerable RGCs and
physiologic stress can to dysfunction and cell death over the course of many years. It often takes a
significant degree of axon degeneration for many patients notice the resultant vision changes (Hu et al.,
2014). While this emphasizes the importance of early diagnosis, it also suggests a resilience of visual
function in the face of prolonged stress. Discoveries in animal models of glaucoma have illuminated the
variety of adaptive responses that RGCs undergo in the face of oxidative, metabolic, and inflammatory
challenges (Calkins, 2021). The experiments presented here explore an important facet of RGC
adaptation, giving insight into the modulation of RGC excitability, and lay the groundwork for
mechanistic investigation into potential diagnostic and therapeutic targets in early glaucomatous

neurodegeneration.
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CHAPTER 4
MICROFLUIDIC PLATFORMS PROMOTE POLARIZATION OF HUMAN DERIVED

RETINAL GANGLION CELLS THAT MODEL AXONOPATHY

4.1 Introduction

Human pluripotent stem cells differentiated into specialized cells of the CNS are used to model
several neurodegenerative diseases, including glaucoma (Sluch et al., 2017; Welsbie et al., 2017; Coccia
and Ahfeldt, 2021; Ahmad et al., 2022; Dréger et al., 2022; Gomes et al., 2022). Glaucoma is an age-
related neurodegenerative disease exacerbated by increased sensitivity of visual tissues to translaminar
pressure gradients at the optic nerve head, a transition zone where unmyelinated RGC axons project
through the optic nerve (Burgoyne, 2011). Stress transduced at the optic nerve head piques distal nerve
fibers, activating mechanisms that promote retrograde axonopathy (Crish et al., 2010; Calkins, 2012).

Previously, we generated model RGCs from human embryonic stem cells (hESC), using CRISPR
Cas9 to express tdTomato and THY1.2 under the control of BRN3B, a gene enriched in RGCs. We
differentiated BRN3B-tdTomato-THY1.2 hESCs toward a RGC fate by chemical induction and
immunopurified cells by targeting the surface protein, THY1.2 (Sluch et al., 2017). During
differentiation, hESC derived RGCs (hRGC) recapitulated developmental milestones similar to
endogenous RGCs, including increased expression of ATOH7, BRN3B, ISL1, and SOX4 transcripts and
RBPMS and TUJ1 proteins (Sluch et al., 2015; Sluch et al., 2017).

Recently, we investigated the morphologic and physiologic differentiation of hRGCs in vitro. We
confirmed hRGCs to be highly pure - 98.5% of tdTomato-positive cells expressed RBPMS (Rodriguez et
al., 2014; Risner et al., 2021a). In vitro, hRGC neurites continually grew up to at least four weeks, and as
neuritic fields expanded, postsynaptic densities localized to neurites. In addition to dendrite-specific
proteins, hRGCs expressed genes encoding axon-related proteins, including ankyrin G (AnkG) (Risner et

al., 2021a). AnkG is a scaffolding protein that organizes constituent proteins composing the axon initial
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segment (AIS). AnkG serves several functions, including maintaining neuron polarity, recruitment of
voltage-gated channels essential for electrogenesis, and scaling geometry to adapt to changes in
excitability (Zhou et al., 1998; Hedstrom et al., 2008; Galiano et al., 2012; Gasser et al., 2012; Huang and
Rasband, 2018; Leterrier, 2018). AnkG expression is targeted by axonopathies, yet AnkG is required for
regeneration and reinnervation following axon injury (Sun et al., 2014a; Teliska et al., 2022). Therefore,
AnkG is a prime indicator of neuronal differentiation, degeneration, and target for repair.

Although we previously found hRGCs expressed the gene (ANK3) encoding AnkG, hRGCs
plated on coverslips without supplementation with growth factors, weakly expressed AnkG protein early
during differentiation, and AnkG appeared irregularly localized during later time points. In agreement
with other reports in human pluripotential stem RGCs (Teotia et al., 2019; VanderWall et al., 2019), we
found hRGC current-clamp responses sensitive to depolarization block, indicative of immature neurons
(Chaunsali et al., 2020; Risner et al., 2021a). Based on protein and physiologic measurements, hRGCs
cultured on coverslips without supplementation with growth factors appear not to polarize robustly
intrinsically.

Here, we first demonstrated hRGC axon specification is enhanced by microfluidic platforms
compared to coverslip cultures (Taylor et al., 2005; Taylor and Jeon, 2010; 2011). hRGCs plated on
coverslips and microfluidic platforms possessed three distinct AlS localizations based on AnkG
immunolabeling: AnkG localized to a neurite directly stemming from the soma (direct), AnkG
accumulated on an axon-carrying dendrite (AcD) (Thome et al., 2014; Raghuram et al., 2019), or
possessed multiple AnkG-positive processes (multi). Twenty-five percent of cells plated on coverslips
contained multiple AnkG-labeled neurites, whereas only five percent of cells contained multiple AlSs in
microfluidic platforms. We then quantified AIS length and distance from the soma, as these dimensional
variables correlate with voltage-gated channel conductance (Jgrgensen et al., 2021; Rotterman et al.,
2021) and altered in models of degeneration (Sohn et al., 2019; Chang et al., 2021; Jgrgensen et al.,
2021). We found microfluidic platforms normalized hRGC AIS length and distance compared to

coverslip cultures relative to AIS morphologies of mouse RGCs from whole-mount retinas.
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We then leveraged our hRGCs microfluidic culture system to model axonopathy induced by
colchicine, an agent that inhibits microtubule polymerization and has been previously used to model RGC
degeneration (Sluch etal., 2017; Welsbie et al., 2017; Patel et al., 2020). Following three days of
colchicine treatment to the axon chamber, we found colchicine degraded hRGC axons as indicated by
increased varicosities, loss of anterograde transport of cholera toxin subunit B (CTB), and axon retraction.
We found hRGCs with AlSs located on AcDs sensitive to colchicine treatment versus direct AlSs. For
cells with AcDs, colchicine reduced AIS distance from the soma and increased length, suggesting reduced
excitability. Overall, our findings indicate compartmentalized microenvironments promote polarization of

stem cell derived neurons that enable in vitro modeling of axonopathies, such as glaucoma.
4.2 Materials and methods

4.2.1 Animals

All experimental procedures were approved by the Institutional Animal Care and Use Committee
of Vanderbilt University Medical Center and aligned with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. B6.Cg-Tg(Thy1-YFP)16Jrs/J (Strain #003709) mice were purchased
from The Jackson Laboratory. Upon delivery, mice were housed at the Division of Animal Care facilities
at Vanderbilt and provided water and standard chow ad libitum. The strain was maintained in house by
breeding homozygotes with wild type C57BI/6J. For this study, we used heterozygous five-month-old
female mice. We used female mice for comparison because H9 human embryonic stem cells are of female
origin.
4.2.2 Cell culture

We obtained H9 BRN3B-P2A-tdTomato-P2A-THY 1.2 human embryonic stem (hES) cells
differentiated by chemical induction for 40 days toward a retinal ganglion cell (RGC) fate from Dr.
Donald Zack (Sluch et al., 2017; Risner et al., 2021a). hES-RGCs (hRGC) were shipped frozen overnight
from The Johns Hopkins University to Vanderbilt University Medical Center, and upon arrival, we

immediately stored hRGCs in liquid nitrogen. hRGCs were thawed, suspended in culture medium, and
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centrifuged at 120 x g for 5 mins. Culture medium consisted of BrainPhys (Catalog #05790, STEMCELL
Technologies), N2 Supplement-A (Catalog #07152, STEMCELL Technologies), NeuroCult SMI1
Neuronal Supplement (Catalog #05711, STEMCELL Technologies), 20 ng/mL human recombinant
brain-derived neurotrophic factor (Catalog #78005, STEMCELL Technologies), 20 ng/mL human
recombinant glia-derived neurotrophic factor (Catalog #78058, STEMCELL Technologies), 200 nM
ascorbic acid (Catalog #72132, STEMCELL Technologies), 1 mM adenosine 3°,5’-cyclic
monophosphate, N6, O?-dibutyryrl (Catalog #28745, Millipore-Sigma), and 1% gentamicin (Catalog
#15750060, Gibco). Following centrifugation, we removed the supernatant, which included DMSO-based
cryopreservation medium, and resuspended the cell pellet in fresh culture medium.

We plated hRGCs on 18 mm glass coverslips (Catalog #72222-01, Electron Microscopy
Sciences) contained in 12-well plates (Catalog #665180, Greiner bio-one) or XC450 microfluidic
platforms (Xona Microfluidics). Coverslips and microfluidic were coated with 50 pg/mL poly-d-lysine
(PDL, Catalog #354210, Corning) diluted in sterile DPBS overnight at 37°C and 10 pg/mL mouse
laminin (Catalog #23017015, Thermo Fisher Scientific) diluted in DPBS for four hrs at 37°C. For
microfluidic platforms, we added 75K cells per somal port. However, only about 75% of these cells were
drawn into the somal chamber. We plated hRGCs on coverslips at a density of 60K/cm?2. Samples were
incubated at 37°C with 5% CO.. On the following day after plating cells, we exchanged half of the
medium, adding an addition 30 ng/mL BDNF to coverslip cultures and to the axon chambers of
microfluidic cultures. For microfluidic cultures we maintained a volume difference between the somal
(160 pL) and axonal chambers (120 L) to drive neurite outgrowth towards the axonal chambers.
Subsequently, we exchanged half of the medium every two to three days for the duration. Cultures were
maintained for 10 to 15 days. Following each endpoint, we fixed samples in 4% paraformaldehyde (PFA).

For a subset of experiments, we induced degeneration by administering 30 nM colchicine
(Catalog #C97754, Millipore-Sigma), which was diluted in sterile DPBS for stocks and culture medium
for working solutions. Colchicine was added to the axonal chambers of microfluidic cultures, and samples

were incubated for three days (Welsbie et al., 2017). Twelve hrs prior to the endpoint, we added 1%
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cholera toxin subunit B (CTB, Catalog #C34778, Thermo Fisher Scientific) in microfluidic somal
chambers to track anterograde axonal transport. Afterwards, we fixed samples for 30 min in 4% PFA

diluted in PBS.

4.2.3 Immunohistochemistry and imaging

Following fixation, we washed samples three times with PBS and blocked with 0.1% Triton-X
and 5% normal donkey serum (NDS) at room temperature for two hrs. After blocking, we incubated
samples overnight at 4°C in primary antibodies including postsynaptic density 95 (PSD-95, 1:300,
Catalog #51-6900, Invitrogen), ankyrin G (AnkG, 1:200, Catalog #75-146, Neuromab), cleaved caspase 3
(CC3, 1:400, Catalog #9661, Cell Signaling Technologies), phosphorylated neurofilament H (SMI-34,
1:1000, Catalog #835501, Biolegend) in addition to 0.1% Triton-X and 5% NDS. The following day, we
washed samples three times with PBS and incubated samples in 0.1% Triton-X, 5% NDS, and appropriate
secondary antibodies (Jackson Immunoresearch) for two hrs at room temperature. Afterwards, samples
were washed three times with PBS, and we applied Fluoromount-G (Catalog #0100-20, Southern
Biotech). We imaged samples at the VVanderbilt University Shared Imaging Shared Resource. We used a
Nikon spinning disk confocal microscope with 40 or 60x oil-immersion objectives (Plan Apo Lambda 1.4
NA WD 0.13 mm) equipped with a Yokogawa CSU-X1 spinning disk head, Photometrics Prime 95B
sCMOS camera, automated stage driver, and four laser lines (405, 488. 561, and 647 nm). Exposure and
laser power settings were kept constant across independent variables (tissue preparation) for each

dependent variable (e.g., AnkG secondary antibody).

4.2.4 Image analysis

PSD-95 fluorescence and colocalization with tdTomato expression was determined using ImageJ
plugins (NIH, Bethesda, MD). For AIS bounds determination, hRGC neurites containing AnkG labeling
were hand traced in ImageJ using the freehand line tool from the edge of the soma and past the bounds of
visible AnkG labeling. For each trace the fluorescence profile from the AnkG channel was exported and

AIS localization (i.e., direct, AcD, or multi) was noted. AnkG profiles were analyzed in Python 3.9 using
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the SciPy 1.7.1 module (Virtanen et al., 2020). Background fluorescence was subtracted from AnkG
intensity profiles using a rolling ball filter with a radius of 50. Smoothed AnkG profiles were generated
using a Savitzky-Golay filter with a first order polynomial fit. AIS bounds were systematically defined as
the extent where smoothed AnkG values were greater than 50% of the difference between baseline and
maximum intensity. Colocalization analysis was performed using the Coloc2 plugin. For representative
images we enhanced immunofluorescence by subtracting background intensity, smoothing the intensity

values, and increasing the contrast of the image.

4.2.5 Statistical analyses

All data are reported as mean + standard error of the mean. All statistical tests were performed in
GraphPad Prism 9 (GraphPad Software, San Diego, CA). All data sets were checked for normality. Two
outliers for PSD-95 labeling data, one from each chamber as identified by Grubb’s test with an alpha of
0.05, were excluded. There were a few instances (0% of mouse, 6% of coverslip, 1.5% of microfluidic)
where AIS bounds could not be determined algorithmically due to weak antibody labeling, and these
values were included for localization analysis but not distance/length analyses. Cells with multiple AISs
were also excluded from dimension analysis since a primary axon could not be determined. For colchicine
treated microfluidic devices, 2 of 6 devices were excluded from dimension analysis because they
contained too few identifiable AlSs of each localization. Otherwise, all data were included in analyses.
For statistical tests on PSD-95 labeling, AIS dimension analysis, and colchicine degeneration assays, we
used the average value from each independent replicate/sample for statistical tests. We defined statistical
significance as a p-value of 0.05 or less. Exact p-values and sample sizes are indicated in figure legends,

alongside the specific details of the statistical test used for each analysis.
4.3 Results

4.3.1 Microfluidic Platforms Promote Normalization of hRGC Axon Initial Segment Morphology
We established a foundation for investigating AIS morphology in hRGCs by first demonstrating

mouse retinal ganglion cell (MRGC) AIS localization. We immunolabeled whole-mount retinas from

87



Thy1-YFP mice (female, 5 months of age, n = 3) against AnkG. For the majority of mRGCs, we observed
AnkG localized to a single process emanating directly from a YFP-positive cell body (Fig. 4.1A). For a

few mRGCs, AnkG accumulated on a process distal to a bifurcation in a primary neurite (Fig. 4.1B). This

Direct

tdTom ankG

Figure 4.1 Mouse and human-derived RGCs exhibit heterogeneity in AlS localization

(A-B) Representative micrographs of whole mount retinas from B6.Cg-Tg(Thy1-YFP)16Jrs/J mice labeled for
ankyrin-G (ankG) demonstrate two distinct patterns of retinal ganglion cell (RGC) axon initial segment (AIS)
localization. (A) The majority of RGCs had a single ankG-labeled AIS (cyan) located on a process emanating
directly from the YFP-labeled soma (yellow, with white dotted outline). (B) A small subset of mouse RGCs had an
AIS located on a process distal to a bifurcation in a primary dendrite (white arrowhead), defined as an axon-
carrying dendrite (AcD). (C-H) Example micrographs of tdTomato (tdTom, orange) expressing RGCs derived from
human embryonic stem cells (hHRGC) cultured on coverslips demonstrate greater heterogeneity in ankG-labeled
(green) AIS localization. As seen in mouse retina, hRGCs had single AlSs localized on a process emanating
directly from the soma (direct, C, diagrammed in D) as well as on an AcD (E, diagrammed in F). There was also a
subset of hRGCs that possessed contained multiple AISs (Multi, G, diagrammed in H).
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previously described AlS localization is referred to as an axon-carrying dendrite (AcD) (Thome et al.,
2014; Hamada et al., 2016; Raghuram et al., 2019).

Next, we defined AIS localization in hRGCs plated onto coverslips supplemented with brain- and
glia-derived neurotrophic factors (BDNF, GDNF) and cultured for 10-15 days. We observed three distinct
AIS localizations defined by AnkG immunolabeling. Similar to mRGCs, many hRGCs accumulated
AnkG within neurites extending directly from cell somas (Fig. 4.1C,D) or from AcDs (Fig. 4.1E,F).
However, in addition to these two profiles, we also observed many instances of AnkG localized to
multiple neurites originating from a single hRGC soma (Fig. 4.1G,H).

We then determined the effect of microfluidic platforms on AlS localization and polarization.
hRGCs were plated onto microfluidic platforms supplemented with BDNF and GDNF and cultured for 10
to 15 days. These platforms consisted of two primary chambers, soma and axon, connected by a
microgroove barrier (Fig. 4.2A). Following 10 to 15 days in vitro (DIV), we observed neurites extending
through the microgroove section and into the axon chamber (Fig. 4.2B). After performing
immunohistochemistry and confocal microscopy, we found hRGCs cultured in microfluidic devices
exhibited two principal AlS localizations: direct and AcD (Fig. 4.2C,D). Importantly, we did not observe
AnkG accumulation within putative axons projecting into the axon chamber (Fig. 4.2E), indicating
restriction of AnkG localization near the somas and not in distal axons (Galiano et al., 2012). To further
investigate hRGC dendritic and axonal specification, we immunolabeled cells against the excitatory
postsynaptic marker, PSD-95, and determined PSD-95 integrated intensity and colocalization with
tdTomato in the soma (Fig. 4.2F) and axon (Fig. 4.2G) chambers. PSD-95 immunolabeling was
significantly stronger, accounting for area, in the soma chamber (Fig. 4.2H, p = 0.0281), and there was
greater colocalization of PSD-95 labeling with tdTomato+ hRGC processes in the soma chamber than in
the axon chamber (Fig. 4.21, p = 0.0003). Although PSD-95 did not heavily accumulate within fibers
projecting into the axon chamber, similar to other reports, we observed PSD-95 localized within distal

axon growth cones (Fig. 4.2G) (Fletcher et al., 1991; Sabo and McAllister, 2003).
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Figure 4.2 hRGCs plated on microfluidic platforms are polarized into somato-dendritic and axonal
compartments

(A) Schematic of Xona XC450 microfluidic platform (compartments are not illustrated to scale). (B) When plated
on XC450 for 8-10 d, hRGC projections extend through the microgroove chamber and into the axon chamber. (C)
When hRGCS are cultured in microfluidic platforms, ankG (green) typically localizes to an axon extending directly
from the soma (Direct) or (D) on an axon-carrying dendrite (AcD) within the soma chamber. Insets in C and D
show ankG channel only. Scale bars in insets = 10 um. (E) ankG does not accumulate within putative axons in the
axon chamber. (F-G) Representative micrographs of PSD-95-labeled (cyan) hRGCs cultured in microfluidic
devices demonstrate evidence of post-synaptic specification in the soma chamber (F) and localization to putative
axon growth cones in the axon chamber (G). Arrows indicate PSD-95 colocalized with tdTom-positive putative
axon growth cones. (H) Quantification of PSD-95 immunofluorescence suggests significantly greater expression in
the soma chamber than the axon chamber (p = 0.0281, unpaired t-test). Integrated (Integ) density is the summed
pixel values multiplied by area. (I) The soma chamber exhibits significantly greater colocalization of PSD-95
labeling and tdTom expression than in the axon chamber (p = 0.0003, unpaired t-test). n = 4 independent devices.
Error bars: + standard error of the mean. *p < 0.05, ***p < 0.001.

We then established a systematic method for measuring AIS dimensions by tracing AnkG
fluorescence profiles along neurites and computationally determining AIS bounds (Fig. 4.3). We used this

method to compare AIS dimensions between AnkG localizations across mMRGCs and hRGCs coverslip
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and microfluidic platform cultures (Fig. 4.4). For mRGCs we found 97% (131/135) of cells possessed an
AIS stemming directly from the soma and the remaining 3% (4/135) localized to axons emanating from
an AcD (Fig. 4.4A). Of the hRGCs plated on coverslips with an AIS that could be directly traced back to
its soma of origin, 40% (63/156) stemmed directly from the soma, 34% (53/156) localized to an AcD, and
26% (40/156) possessed multiple AISs (Fig. 4.4A). For hRGCs cultured on microfluidic platforms, we
found 59% (121/204) of AlISs localized to axons projecting directly from the soma, 35% (72/204)

stemmed from AcDs, and the remaining 5% (11/204) contained multiple AISs (Fig. 4.4A).
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Figure 4.3 Systematic quantification of AIS length and distance from soma

(A-B) To determine AIS distance from soma and length, intensity profiles of ankG immunofluorescence were
determined from hand traces (shown as dashed line) extending from the soma edge along the ankG-containing
process for direct (A) and axon-carrying dendrite (AcD, B) morphologies. ankG illustrated as green span along
the neuronal process. (C-E) Representative ankG intensity profiles from mouse RGCs (C), coverslip hRGCs (D),
and hRGCs plated on microfluidic platforms (E). From raw traces (light gray lines), background fluorescence
was subtracted, ankG intensity profiles were smoothed (black lines), and we defined the AIS length as the extent
where the smoothed ankG intensity was greater than 50% of the difference between baseline and maximum
intensity (green shaded region). au = arbitrary units, Int = mean intensity.

91



A I Direct 3 AcD [ Multi B [ Mouse RGCs
[ Coverslip hRGCs

S 4071 = Microfluidic hRGCs
= )
S 75 = ] oo
I 50 ~E5 7 $|
E— ® .
S e 1 . foe
4 25 S 20 & -
24 g 1| *
<o — = w1 v
?.00‘3 ?.006 E 10__
0™ o .
*oooo ‘5\\1@‘\‘)\6\ :
W 0 1 I
C D Direct AcD
40 *% *% *
o M RGC
= - ) | . ot ce
30 5 L4 —_ @ Microfluidic hRGCs
= 0 K
£ ° .EE
vt
o o L 5
2 20 . N 5 L
c
| . 3
)
< 10 - .
0 20 40 60 80 100

o

1 I
Direct AcD Distance (um)

Figure 4.4 Microfluidic platforms promote normalization of AIS morphology in hRGCs

(A) Cumulative percentages of AlS localizations observed in mouse RGCs, hRGCs plated on coverslips, and
hRGCs cultured in microfluidic platforms. (B) AlS distance from soma is significantly longer for AcD than direct
AlSs (p < 0.0001), but largely the same across cell types/culture platforms (p = 0.6999). (C) hRGCs cultured on
coverslips possessed direct (p = 0.0041) and AcD (p = 0.0031) AlSs significantly longer than mouse RGC direct
and AcD AISs, respectively. hRGCs plated on microfluidic platformed contained AcD AlSs significantly shorter
than hRGCs cultured on coverslips (p = 0.0182). hRGCs plated on microfluidics possessed AlSs of similar length
to mouse RGCs (p > 0.083). (D) Distribution of AIS distance vs. length scatterplots for each of the cell
types/culture platforms as determined by kernel density estimates. Coverslip hRGC (orange) AlS dimensions
appear to have a more variable distribution than microfluidic hRGCs (blue) or mouse RGCs (gray). Sample sizes
(excluding multi) - Mouse RGC group: 135 cells, 6 retinas (only 2 retinas contained AcD); coverslip hRGC group:
109 cells from 3 independent samples; microfluidic hRGC group: 190 cells, 7 independent devices. Statistics:
Two-way ANOVA, Tukey post-hoc test (B,C); Kernel density estimate (D). Error bars: £ standard error of the
mean. *p < 0.05, **p < 0.01.

We then compared AIS dimensions for all cells possessing a single AnkG-positive neurite (i.e.,
direct or AcD localizations). The distance from the edge of the soma to the beginning of the AnkG
labeling was significantly longer for AcD AlSs than direct (Fig. 4.4B, p < 0.0001). However, culture
condition did not significantly impact the AIS distance (p = 0.6999). Compared to mouse RGCs, hRGCs
plated on coverslips possessed significantly longer direct and AcD AISs (Fig. 4.4C; p = 0.0041 direct, p

=0.0031 AcD). hRGCs plated onto microfluidic platforms possessed significantly shorter AcD AlSs
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Figure 4.5 Colchicine application models axonopathy in hRGCs cultured on microfluidic platforms
(A) Micrograph of live tdTomato-positive (black) hRGCs following 8 DIV, demonstrating extension of putative
axons into the axon chamber prior to application of colchicine. (B-D) Representative images of tdTomato-positive
hRGCs (orange) cultured in microfluidic devices after the addition of either vehicle (B) or colchicine (30 nM, 3 d) to
the axon chamber (C,D). Colchicine caused axon retraction (C) in some samples and outright axon degeneration in
other samples (D). (D, right) Example degenerative axon located within the microgroove section of the microfluidic
platform following colchicine treatment. Fluorescently conjugated cholera toxin subunit B (CTB, cyan) added to the
soma chamber (left side of images) is transported anterogradely to distal putative axons in the axon chamber.
Colchicine appeared to reduce the transport of CTB to spared axons in the axon chamber (C-E). (E) Higher-
magnification example images of the axon chambers in vehicle- and colchicine-treated cells. CTB fluorescence
(cyan) is evident in vehicle samples but reduced following colchicine treatment. In colchicine-treated cultures, spared
axons exhibit degenerative varicosities (E, right, white arrowheads,). (F-G) Following colchicine treatment CTB
fluorescence in the axon chamber is reduced (p = 0.0159), and varicosity density significantly increased (p = 0.0095).
Vehicle group = 4 independent samples, Colchicine group = 5-6 independent samples. (H) Example confocal images
of hRGCs (orange) following vehicle (left) or colchicine (right) treatment and immunolabeled against SMI-34
(green) and cleaved caspase 3 (CC3, blue). Scale bars in insets of E and H subpanels = 10 um. (1) We found
significant positive correlations between CC3 and SMI-34 for both vehicle (RZ = 0.80, p < 0.001) and colchicine (R?
=0.72, p < 0.001) treated cells. CC3 and SMI-34 integrated density was normalized by tdTomato fluorescence
integrated density. Vehicle: n = 123 cells from 2 devices. Colchicine: n = 214 cells from 4 devices. Statistics: Mann-
Whitney test (F,G), Linear regression (I). Error bars: + standard error of the mean. *p < 0.05, **p < 0.01.

versus hRGCs plated onto coverslips (p = 0.0182). We found microfluidic hRGC AIS length similar to
mRGCs for both direct (p = 0.0830) and AcD AISs (p = 0.2861; Fig. 4.4C). Finally, we noted differences
in the variability in AIS dimensions between mRGCs, hRGCs plated on coverslips, and hRGC plated on
microfluidic platforms. hRGCs plated on coverslips appeared to have a highly variable distribution of the
AIS distance versus length relationship, whereas microfluidic hRGC and mRGC AlISs dimensions

demonstrated less variability (Fig.4. 4D).

4.3.2 Colchicine-induced hRGC Axonopathy Disrupts AlIS Structure

Next, we sought to develop an in vitro model of axonopathy in hRGCs cultured in microfluidic
platforms. We noted that neurites extended through the microgroove barrier and into the axon chamber
within 8 to 12 DIV (Fig. 4.5A). Following 10 to 12 DIV, we administered either vehicle (culture medium)
or 30 nM colchicine into the axon chamber. Two days after the treatment with vehicle or colchicine, we
added 1% CTB 647 into the soma chamber of the microfluidic platform to evaluate anterograde axonal
transport. Previous investigations on anterograde axonal transport using neural tracers have demonstrated
similar microfluidic platforms maintain fluidic isolation between chambers for at least 20 hrs (Taylor et

al., 2005). The next day, we prepared samples for immunocytochemistry and confocal microscopy.
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In vehicle conditions, we observed tdTomato-positive axon-like processes labeled with CTB
extending into the axon chamber up to 2 mm from the soma chamber (Fig. 4.5B). Following treatment
with colchicine, axons appeared retracted or outright degenerated (Fig. 4.5C-D). We observed enlarged
varicosities along colchicine-treated hRGC axons and ostensibly diminished CTB transport relative to
vehicle-treated hRGCs (Fig. 4.5E). Quantification of CTB fluorescence within remaining fibers in the
axon chamber indicated colchicine treatment significantly reduced anterograde transport by 64% (p =
0.0159, Fig. 4.5F). In addition to axon transport deficits, we found colchicine significantly increased the
density of axonal varicosities by 438% (p < 0.0095, Fig. 4.5G). Finally, we probed hRGCs for additional
indicators of degeneration, including expression of phosphorylated neurofilament H (SMI-34) and
cleaved caspase 3 (CC3) in the soma chamber (Noristani et al., 2016; Bernardo-Colon et al., 2019). As
expected, based on our results from axon transport assays, we found Colchicine treatment appeared to
increase accumulation of both SM134 and CC3 within hRGC somas (Fig 4.5H). We normalized SMI-34
and CC3 immunofluorescence to tdTomato fluorescence and plotted the values for each cell. Colchicine
did not significantly affect tdTomato fluorescence (Vehicle = 155,580 + 49,457, Colchicine = 83,172 +
33,006 integrated intensity; p = 0.228). Following normalization, we found significant (p < 0.001)
positive correlations between SMI-34 and CC3 for both vehicle and colchicine conditions. We found 0.8
and 0.74 of the variation in CC3 immunofluorescence accounted for by SMI-34 immunolabeling in
vehicle and colchicine samples, respectively. Notably, we observed colchicine increased both SMI-34 and
CCa3 intensity compared to vehicle (Fig. 4.51).

Finally, we sought to determine the influence of colchicine on AIS morphology. However, we
found colchicine degraded AnkG immunofluorescence, and therefore, we could not identify an AIS for
many hRGCs. However, we evaluated AlS localization and dimension on cells with visible AnkG
labeling that we could trace its somatic origin, and we found axons localized both directly from the soma
and from AcDs (Fig. 4.6A,B). We did not observe any colchicine-treated hRGCs possessing multiple
AISs projecting from a single soma, however, the overall distribution of AIS localizations was not

statistically different between vehicle and colchicine-treated cells (Fig. 4.6C, p = 0.1041). As described
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above (Fig. 4.3), we then measured the distance from soma and length of each AIS. We found the AlISs
remaining after colchicine treatment tended to be closer to the soma overall than vehicle conditions (Fig.
4.6D, p = 0.0063). AlSs localized to AcDs appeared to be more strongly impacted by colchicine treatment
(Fig. 4.6D, p = 0.0179) than direct AlSs (Fig. 4.6C, p = 0.3041). However, colchicine did not impact AlIS
length (Fig. 4.6E, p = 0.3066). These findings suggest that during degeneration axon molecular identity is
disrupted prior to structural degradation and eventual cell death, and that AIS localization may be

correlated to susceptibility to degeneration.
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Figure 4.6 AcD axon initial segments are preferentially susceptible to colchicine-induced changes
in morphology

(A-B) Example images of ankG labeling (green) in hRGCs (orange) treated with vehicle (A) or colchicine (B).
(C) Cumulative percentages of AlS localizations for both treatment groups. No multi-AlS cells were seen in the
colchicine group, although there was not a significant difference in the distribution of localizations between
groups (p = 0.104). (D) Colchicine treatment significantly decreased AIS distance from soma (p = 0.0063), with
a greater decrease seen in AcD AISs (p = 0.0179) than in direct AlISs (p = 0.3041). (E) Colchicine treatment did
not significantly affect AIS length (p = 0.3066). Vehicle group: n = 190 cells from 7 independent devices.
Colchicine group: n = 76 cells from 4 independent devices. Statistics: chi-squared test (C), Two-way ANOVA
with Sidak's multiple comparisons test (D,E). Error bars: + standard error of the mean. *p < 0.05.
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4.4  Discussion

Previously we found hRGCs cultured on glass coverslips without growth factor supplementation
do not form well-defined AlSs (Risner et al., 2021a). Here, we sought to develop an in vitro model to
drive hRGC axon specification. We demonstrated that microfluidic platform promote polarization based
on AnkG and PSD-95 localization. Using this microfluidic platform, next, we sought to develop and
validate a model of axonopathy and test the influence of injury on AIS morphology. We chemically
lesioned hRGC axons by adding colchicine, and we found axon-carrying dendrite (AcD) AlISs respond to
insult through changes in morphology.

We demonstrated a foundation for characterizing hRGC AIS morphology by first examining
mouse RGC AIS morphology. Our characterization of mouse RGCs AIS morphologies demonstrated
similar direct and AcD profiles as previously observed in hippocampal pyramidal, cortical, and RGCs
(Fig. 4.1A,B) (Thome et al., 2014; Hamada et al., 2016; Raghuram et al., 2019; Boal et al., 2022; Hodapp
etal., 2022; Wahle et al., 2022). Moreover, our AlS geometry measurements of mouse RGCs were
consistent with previously reported values (Raghuram et al., 2019; Werginz et al., 2020; Boal et al., 2022;
Wienbar and Schwartz, 2022).

Compared to mouse RGCs, hRGCs plated on coverslips exhibited marked heterogeneity in AIS
localization as evidenced by morphologic type and variability (Figs. 4.1C-H; 4.4A,D). Importantly, one-
fourth of these cells contained multiple AnkG-positive putative axons originating from a single soma
(Figs. 4.1G, 4.4A). This multi-AlS phenotype can be induced by systemic pharmacologic enhancement of
microtubule stability or disrupting the binding of AnkG to the cytoskeleton (Witte et al., 2008; Dorrego-
Rivas et al., 2022), suggesting multi-AlS cells lack axon specification. Culturing hRGCs on microfluidic
platforms reduced the number of multi-AlS cells, and increased the proportion of cells with direct AISs
(Figs. 4.2C; 4.4A,D). Notably, the AIS morphology appears dependent on culture platform as the
extracellular matrix and medium was the same for coverslip and microfluidic samples. Together, these

finding suggests microfluidic platforms promote axon specification.
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Based solely on this study, the mechanisms underlying the increase in the number of polarized
neurons in microfluidic devices is unclear. However, evidence suggest axon specification may be
enhanced by promoting long-ranged neurite outgrowth through the restricted confines of the microgroove
section of microfluidic devices, which inhibit neurites from turning back toward the soma chamber and
growth factor gradients generated through hydrostatic pressure (Taylor et al., 2005; Fligor et al., 2021).
The initial group of cells containing pioneering axons may increase polarization of neighboring neurons
(Namba et al., 2014). Future studies will test this notion directly by comparing AIS morphology of cell
extending long-ranged axons versus cells that do not.

AIS geometry is an indicator of neuronal development, synaptic strength, and intrinsic
excitability (Gutzmann et al., 2014; Hamada et al., 2016; Yamada and Kuba, 2016a; Schluter et al., 2019;
Booker et al., 2020; Goethals and Brette, 2020; Werginz et al., 2020; Fekete et al., 2021; Jamann et al.,
2021). Considering results from others, the AIS geometry of hRGCs, regardless of culture platform,
predicts hyperexcitability compared to the AIS geometry of mouse RGCs (Grubb and Burrone, 2010;
Rotterman et al., 2021). Our earlier findings support this estimate. We found hRGCs sensitive to small
depolarizing currents (10 pA), but hRGCs produced depolarization block when depolarizing current
strength modestly increased (20-60 pA) (Risner et al., 2021a). This small dynamic range for repetitive
firing may be due to weak synaptic input, reduced expression of voltage-sensitive channels, or improper
localization of voltage-gated channels along the AIS (Van Wart and Matthews, 2006; Booker et al.,
2020). Regarding synapses, evidence suggests coculturing human stem cell derived RGCs with
astrocytes, increases localization of postsynaptic densities and repetitive firing, yet cells remained
sensitive to depolarization block (VanderWall et al., 2019). As depolarization block is primarily due to
accumulation of inactivation of voltage-gated Na* (Nav) channels (Catterall et al., 2007), future
investigations will probe the influence of culture platform on expression and localization of Nay1.2 and
Nav1.6 channels relative to AnkG in hRGCs.

Next, we sought to develop and validate an in vitro model of hRGC axonopathy by chemically

lesioning axons, using colchicine, and testing the influence of injury on AIS morphology. Here, we found
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colchicine produced remarkable axon retraction and degeneration (Fig. 4.5B-D). This variability in the
responses of axons to colchicine between cultures may be due to modest volume differences between the
soma and axon chambers that led to dilution of the colchicine in the axon chamber. In future experiments,
application of culture membranes that cover the access ports of the microfluidic platforms may prevent
evaporation that might produce slight differences in volume between chambers. In samples that contained
neurites in the axon chamber, we found colchicine reduced anterograde axonal transport of CTB and
increased density of enlarged varicosities (Fig. 4.5E-G). In corroboration with these results, several
studies have shown axonopathy produces deficits in anterograde axonal transport and induces formation
of varicosities (Wang et al., 2003; Calkins et al., 2017; Gu et al., 2017; Risner et al., 2018).

Deficits in axonal transport and varicosity growth are two interrelated markers of degeneration:
axonal transport of mitochondria ceases during varicosity formation (Gu et al., 2017). However, evidence
from both in vitro and in vivo preparations suggest varicosity development is partially reversible,
suggesting that varicosity formation and underlying mechanisms may be a target for neuronal repair
(Yangetal., 2013; Gu et al., 2017; Marion et al., 2018). Based on our findings from axonal transport and
morphologic assays, we were not surprised to find that colchicine increased expression of other indicators
of degeneration, including phosphorylated neurofilament H (SMI-34) and cleaved caspase 3 (CC3) (Fig.
4.5H,1) (Noristani et al., 2016; Bernardo-Colon et al., 2019). Overall, our results suggest microfluidic
platforms provide a system to model axonopathy and test mechanisms for neuronal repair.

Finally, we examined if colchicine-induced axonopathy altered AlS morphology in hRGCs (Fig.
4.6A,B). Interestingly, hRGC AISs on AcDs appeared to be more susceptible to colchicine than direct
AlSs. Following colchicine treatment, AcDs exhibited a proximal shift towards the soma (Fig. 4.6D).
This finding suggests at least two possibilities: our sample is biased towards hRGCs that remained intact
following colchicine treatment or AcDs respond to colchicine through changes in geometry. Of course,
evidence exists supporting both possibilities. The murine retina contains over 40 different RGC types, and
some RGC types appear more sensitive to stress (Sanes and Masland, 2015; Ou et al., 2016; Risner et al.,

2021b; Shekhar and Sanes, 2021; Boal et al., 2022; McGrady et al., 2022). Of note, RGCs that possess
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large somas, expressing modest amounts of melanopsin, that produce a sustained response to light onset
(i.e., aON-Sustained/M4 RGCs) seem to be less vulnerable to stress (Schmidt et al., 2014; Duan et al.,
2015; Risner et al., 2021b; McGrady et al., 2022). However, in a similar cell line to the one used in these
studies, melanopsin-positive cells are sparse (Daniszewski et al., 2018). Alternatively, several studies
have indicated AIS geometry is plastic, changing in an activity-dependent manner (Grubb and Burrone,
2010; Evans et al., 2015; Yamada and Kuba, 2016a; Jamann et al., 2021) and altered in degenerative
disease (Sohn et al., 2019; Chang et al., 2021). Future studies will test local stabilization of AnkG-
associated microtubules during axonopathy towards regenerating axons (Witte et al., 2008; Teliska et al.,

2022).
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

51 Aim1l

As we navigate the world our visual system must be able to encode a detailed and ever-changing
visual environment both quickly and efficiently. Much of this processing occurs at the level of the retina,
which encodes light energy as electrochemical signals and, through complex circuitry within its
multilayered cellular network, begins to interpret features of the visual scene. These signals are integrated
and conveyed to the brain by retinal ganglion cells (RGCs). These cells are diverse and have highly varied
physiologic properties that underly their ability to encode detailed visual information (Sanes and Masland,
2015; Baden et al., 2016; Bae et al., 2018; Tran et al., 2019; Goetz et al., 2022). The purpose of this aim
was to expand upon the growing body of evidence that intrinsic properties of RGCs, particularly those
governing their excitability, contribute significantly to their response properties (Emanuel et al., 2017;
Werginz et al., 2020; Wienbar and Schwartz, 2022). Specifically, this aim sought to test the hypothesis
that intrinsic physiologic differences between RGCs are driven in part by the sensitivity of the cells to the

extracellular potassium concentration.

5.1.1 Summary of outcomes

We began by characterizing some physiologic differences between two alpha type RGCs, aON-S
and aOFF-S, which have similar sustained responses but differing preferred stimulus. Our goal was to
determine intrinsic factors, beyond differences in synaptic input, which may differentiate the cells.
Through our experiments, we observed that tON-S and aOFF-S RGCs exhibit unique resting membrane
potentials and voltage-gated responses to depolarizing currents, as well as variations in their light-evoked
activity (Figs. 2.1, 2.2). Interestingly, we found that aOFF-S RGCs generated more robust responses to
small depolarizing currents compared to aON-S RGCs (Fig. 2.2). We also noticed that this difference

could not solely be attributed to the higher spontaneous activity of aOFF-S cells, as the slope of the
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increase in rate was greater for cOFF-S than aON-S cells (Fig. 2.2B). Notably, in response to larger
current injections, aOFF-S RGCs often produced few full spikes, followed by aborted action potentials,
and sustained membrane potential, which indicated depolarization block, an important physiologic
phenomenon which has been shown to underly light encoding in other RGCs (Wienbar and Schwartz,
2022). Conversely, tON-S RGC responses remained steady even with large current injections (Fig. 2.2).
These differences persisted even when controlling for RMP (Fig. 2.2C,D), which suggests that RGC-
intrinsic mechanisms contributed to these differences in spike rate and depolarization block. Our findings
corroborate and expand on previous evidence indicating that ON and OFF RGC responses are
differentially influenced by stimulus amplitude (Twyford et al., 2014; Kameneva et al., 2016).

Further analysis revealed that in addition to spike rate, the width of ®ON-S and aOFF-S RGC
action potentials (APs) also varied with stimulus strength. Specifically, as depolarizing current increased,
aOFF-S RGC AP half-width increased dramatically, while aON-S RGC AP half-width increased only
moderately (Fig. 2.3A-D). This widening of APs aligns with previous reports in RGCs (Goethals et al.,
2021). Stronger depolarizing currents also led to increased variability in AP half-width in aOFF-S RGCs,
while aON-S RGC half-width variability remained steady across test currents (Fig. 2.3E). Interestingly,
AP width variability in aOFF-S RGCs increased before the onset of depolarization block (Fig. 2.2B),
suggesting a link between mechanisms generating depolarization block and maintaining AP half-width.
We explored this connection by comparing AP half-width to spike rate for each test current (Fig. 2.3F).
Our analysis revealed a significant correlation between aOFF-S RGC AP half-width and spike rate, but
not for aON-S RGCs. Overall, our findings imply that the mechanisms responsible for depolarization
block and regulating AP half-width are interconnected, highlighting a fundamental physiological
difference between aON-S and aOFF-S RGCs.

Our next goal was to investigate a potential mechanism for this link. Research suggests that rate-
dependent spike widening is caused by K* currents (Ma and Koester, 1996; Kasten et al., 2007).
Furthermore, evidence from computational modeling has linked differences in K* permeability to the

unique stimulation thresholds for AP failure and depolarization block in ON versus OFF RGCs
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(Kameneva et al., 2016). Building on this understanding, we investigated the sensitivity of aON-S and
aOFF-S cells to K* gradients as a possible physiological explanation linking the distinctive excitability
profiles and AP widths we observed.

We tested this premise by applying high K* medium to both a¢ON-S and aOFF-S RGCs, which
resulted in the expected depolarization of their RMPs. However, we observed a significantly greater
impact on the RMP of aOFF-S RGCs compared to aON-S RGCs (Fig. 2.4B,C). Additionally, the
relationship between current input and spiking activity for both cell types was altered, with aOFF-S cells
unable to maintain spiking activity in response to additional depolarizing current input (Fig. 2.5). These
findings suggest aON-S and aOFF-S RGCs exhibit different sensitivities to K* concentration gradients
across their membranes. Interestingly, under high K* conditions, the current-spiking relationship and AP
shapes of aON-S cells closely resembled those of aOFF-S cells under baseline conditions (Fig. 2.6).
Specifically, we observed an increase in AP failure and decrease in firing rate in aON-S cells in response
to stronger depolarizing stimulation, suggesting depolarization block, which mirrored the changes seen in

oOFF-S cells.

5.1.2 Significance

The findings suggest that the differential sensitivity of ®ON-S and aOFF-S RGCs to extracellular
K* plays an important role in shaping their distinct response properties. By demonstrating this, we shed
light on the mechanisms that shape visual encoding in the retina and add evidence that axogenic processes
of action potential generation, in addition to a diversity in synaptic input, contribute significantly to this
process.

The results also highlight the importance of understanding how intrinsic properties of neurons
contribute to their functional diversity, with potential implications for developing therapeutic strategies
that target specific types of neurons in various neurological diseases. One challenge to developing
neuroprotective therapies for degenerative disease is understanding how to navigate cellular

heterogeneity. Though there are shared glaucomatous stressors, including metabolic restriction,
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inflammation, and oxidative stress, the same features of RGCs that distinguish their encoding properties
may also leave them differentially sensitive to the stress.

This is particularly relevant when considering our finding that different RGCs have different
sensitivities to the concentration of extracellular potassium. As we have demonstrated, maintaining a
normal K* concentration is critical for the physiological function of RGCs. Under typical conditions there
is minimal fluctuation in extracellular K* (Heinemann and Lux, 1977). However, disruptions in the
mechanisms that control extracellular K* concentration have been demonstrated in experimental
glaucoma (Fischer et al., 2019a; Fischer et al., 2019b). Dysfunctional K* homeostasis may affect different
RGC types to varying degrees, impacting excitability, AP generation, and sustained firing. Stressed RGCs
display increased excitability early in the disease, which may contribute to their vulnerability (Risner et
al., 2018). The interaction between K* channels and apoptotic pathways may further contribute to RGC
degeneration. Disruption of proper physiologic function can predispose a neuron to die in pathologic
conditions (Zhao et al., 2022). Thus, the type-specific differences in sensitivity to K*as demonstrated
here, in the context of ionic dysregulation, may influence type-specific susceptibility to disease. This
hypothesis is supported by evidence that certain types of RGCs, such as OFF RGCs, may be more
susceptible to degeneration (Della Santina et al., 2013; EI-Danaf and Huberman, 2015; Ou et al., 2016;
Risner et al., 2021b). Exploration of this hypothesis and evaluation of how RGC sensitivity to K* stress

changes in glaucoma forms the basis for Aim 2.

52 Aim2
Understanding the ways in which neurons adapt to and cope with stress is crucial for developing
effective treatments for neurodegenerative diseases. In the case of glaucoma, sensitivity to the mechanical
stress conveyed by intraocular pressure (IOP) results in pathophysiologic processes that disrupt normal
neuronal physiology. Furthermore, these internal stressors are amplified by the additional disruption of
external homeostatic support provided by glia. Of particular interest to this work, regulation of the

extracellular milieu by astrocytes and Muiller glia becomes altered in glaucoma (Fischer et al., 2019a;
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Fischer et al., 2019b). As introduced in Aim 1, different RGC subtypes display varying degrees of
sensitivity to extracellular K* levels, and there is evidence that certain subtypes are more susceptible to
glaucomatous degeneration than others (Della Santina et al., 2013; El-Danaf and Huberman, 2015; Ou et
al., 2016; Risner et al., 2021b). This aim sought to link these concepts and explore how the sensitivities
identified in Aim 1 change in the context of disease. Leveraging an inducible mouse model of
experimental glaucoma, this aim tests the hypothesis that retinal ganglion cells undergo adaptive changes

in response to glaucomatous stress to lessen the impact of dysregulation of the extracellular milieu.

5.2.1 Summary of outcomes

The work in this aim began by expanding upon the differences between aON-S and aOFF-S
RGCs demonstrated in chapter 2, evaluating how excitability and sensitivity to acutely elevated
extracellular K* change with prolonged exposure to elevated 10P. We hypothesized that intrinsic
differences in K* sensitivity between aON-S and aOFF-S RGCs may drive a preferential susceptibility to
elevated IOP-induced degeneration. As in previous experiments at the four-week time point (Risner et al.,
2021b; Risner et al., 2022) we observed 10P-related reduction in light spiking (Fig. 3.2) and reduced
excitability as indicated by blunted current-evoked spiking (Fig. 3.4) in aON-S cells and a trend towards
alterations for aOFF-S cells. Though both aRGC types were affected by the prolonged IOP elevation,
there appeared to be a marginally larger effect on the aON-S cells. While this difference could represent a
preferential susceptibility to IOP-related stress, such excitability changes may also be an adaptive
response to the prolonged stress of hyperexcitability and ionic dysregulation.

To test this hypothesis, we utilized a similar acute ionic stress approach as employed in chapter 2.
Our results showed that acute exposure to high extracellular K* depolarized membranes of both aON-S
and aOFF-S RGCs, regardless of IOP exposure. However, notably, prolonged exposure to elevated IOP
significantly reduced this effect, suggesting there may be a decreased sensitivity of RGCs to acute ionic
stress (Fig 3.3). We further examined the impact of acute K* stress on RGC excitability to assess whether

this IOP-induced difference was related to intrinsic changes in RGCs or simply related to altered synaptic
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tone. Our findings indicated that RGCs in the 4wk IOP group were less affected by high K* and
maintained sustained spiking at greater magnitudes of depolarizing current before reaching the threshold
for depolarization block (Fig. 3.4). These results suggest that altered K* sensitivity and decreased RGC
excitability may be related to RGC-intrinsic changes due to prolonged 0P elevation.

To further explore this possibility, we measured AP half-width during evoked spiking (Fig. 3.5).
This measure reflects changes to the mechanisms of AP generation and is affected by K* currents (Geiger
and Jonas, 2000; Kole et al., 2007; Kuznetsov et al., 2012; Gonzalez Sabater et al., 2021; Alexander et al.,
2022). Consistent with RMP effects, we found a significant difference in the effect of K* between the 4wk
IOP and control groups for both aON-S and aOFF-S, with APs less widened by high K*. This provides
further support for the notion that elevated 0P is affecting RGC-intrinsic excitability and suggests there
may be altered structure or function of voltage-gated K* channels. Relevant to our hypothesis of possible
cell type specificity, we also found differences in how AP widths were affected by IOP exposure and K*
conditions. aON-S cells exhibited a widening of APs following 4wk IOP elevation, even under normal K*
conditions, while adOFF-S AP widths were similar for both groups under normal K*. Both cell types
exposed to IOP showed less change in AP width following high K* wash on, but this difference was
largely driven by the IOP-induced baseline shift for aON-S RGCs. These findings are consistent with the
cell type-specific differences seen in Fig. 3.2, where aON-S RGCs exhibited significantly diminished

light-evoked spiking, while aOFF-S light spiking was mostly preserved.

5.2.2 Significance

The findings presented in this aim expand upon the concepts of Aim 1, exploring RGC sensitivity
to extracellular potassium in the context of experimental glaucoma. The key finding is that after
prolonged exposure to elevated IOP, RGCs undergo an adaptive response that results in a decreased
sensitivity to acute ionic stress in the form of elevated extracellular K*.

An important point to consider is whether these changes represent a protective or maladaptive

response to continued stress on the RGCs. Early in disease, RGC hyperexcitability driving increased K*
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flux may compound with impaired glial buffering capacity, amplifying axonal stress. Attempts to manage
membrane potential to maintain spiking ability may further stress already metabolically restricted
neurons. Hyperexcitable cells require higher energy supplies to maintain ionic balance across their
membrane and generate action potentials. Thus, in a pathological context hyperexcitability may push the
metabolic demand of these cells beyond the available supply, worsening the degree of stress. A decrease
RGC excitability and blunted sensitivity to extracellular ionic changes could be an attempt by the cell to
decrease its metabolic load and oxidative stress, in order to preserve some degree of function in the face
of progressively worsening conditions.

However, these changes may alternatively represent neurons that have exhausted their adaptive
capacity and are at their final stage before outright degeneration. In this case, depressed excitability may
reflect pathologic interactions between dysregulated potassium homeostasis and alterations in other ions,
such as calcium, which is a key modulator of neuronal excitability but can also contribute to cell death
(Diem et al., 2001a; Jones and Smith, 2016; Segal, 2018). This conclusion is limited by evidence that at
the 4wk timepoint in this model, there is pathologic evidence of some axonal damage but minimal loss of
RGC somas in the retina (Ward et al., 2014; Bond et al., 2016; Risner et al., 2021b; Risner et al., 2022),
suggesting that this altered excitability may not be occurring in the immediate context of cell death.

The findings in this aim elucidate some key targets that can be further explored for future
neuroprotective therapies. There is a wide diversity of K* channels expressed in RGCs (Zhong et al.,
2013), many of which could be related to the relationship between neuronal excitability, AP generation,
and K* sensitivity. Channels mediating A-type voltage-gated K* currents (Ma and Koester, 1996;
Holmgqvist et al., 2002), or the Ca?*-activated BK channels (Wang et al., 1998; Gu et al., 2007) may be
promising for future investigation. RGC type-specific expression data (Tran et al., 2019; Goetz et al.,
2022) present an opportunity to gain a detailed understanding of which channels may contribute to these

physiological differences and could be leveraged in models of glaucoma.
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53 Aim3

As evident from the body of work presented thus far, there are numerous factors that contribute to
a neuron’s encoding and transmission of information as action potentials. Experiments from chapters 2
and 3 emphasize the importance of the axon in determining differences in neuronal excitability and
response to degenerative stress. An important structural component shaping these contributions is the
axon initial segment (AIS), a protein-rich scaffold that is responsible for the generation of action
potentials in the axon. The dimensions of the AIS have a significant impact on the neuron's excitability
and are tightly regulated during development to ensure appropriate light encoding properties of distinct
RGC subtypes (Raghuram et al., 2019; Wienbar and Schwartz, 2022). However, recent studies have
shown that the AIS is a dynamic structure that can adapt to changing physiological and pathological
stimuli, enabling the maintenance of appropriate action potential generation (Grubb and Burrone, 2010;
Jamann et al., 2021). This aim sought to leverage both in vivo and in vitro approaches to investigate the
underlying mechanisms governing AlS development and its resilience to degeneration. In particular, it
tests the hypotheses that (1) in vitro models can simulate axon development and degeneration and (2)
alterations to the AIS structure can explain the physiological differences in neuronal excitability and

underlie degenerative changes in axonopathy.

5.3.1 Summary of outcomes

Work supporting this aim unites concepts from chapters 2, 3, and 4. We explored the
relationships between AIS structure and RGC excitability and evaluated AIS plasticity as a potential
mechanism for neuronal adaptation in glaucoma. We expanded this line of investigation by modeling
RGC development and axonopathy in vitro, allowing a high throughput evaluation of factors influencing
AIS dimensions. These results provide important insights into the link between AIS structure and the
intrinsic electrical properties of RGCs in health and disease.

We began by trying to distinguish «ON-S and acOFF-S RGCs by investigating the relationship

between AIS dimensions and action potential generation. We hypothesized that AIS scaling could be a
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potential contributor to differences in spike rate and depolarization block between the two RGC types.
Although we did not detect significant differences in AlS dimensions between the two subtypes of RGCs,
when correlating dimensions with current-evoked spiking we found that the relationship between AIS
length and spike rate varied by both cell type and by the strength of stimulation (Fig. 2.7). Intriguingly,
we found that longer AlSs were associated with higher evoked spike rates in aOFF-S RGCs at low
currents, indicating that AIS length is a driver of AP generation threshold in that range (Jamann et al.,
2021). However, with stronger stimulation, the relationship flipped, and cells with longer AlSs had lower
spike rates. Such a relationship was not seen for aON-S, further complicating things. These results
suggest that the contributions of the AIS to spiking output vary by cell type and suggest that AIS structure
alone cannot explain RGC excitability and threshold for depolarization block.

Expanding upon these findings, we next set out to establish how the AIS changes in response to
prolonged glaucomatous stress. Specifically, we were searching for a mechanism for the adaptive process
delineated in Aim 2. There is strong evidence that axon specific alterations occur throughout the
progression of glaucomatous damage, underlying RGC hyperexcitability at 2 weeks in the microbead
occlusion model (Risner et al., 2018; Risner et al., 2020b), and now underlying decreased excitability and
potassium sensitivity at 4 weeks (Figs. 3.2, 3.4, 3.5). Since RGC axonal excitability and AP generation
depend on the AIS, we hypothesized that prolonged glaucomatous stress from K* dysregulation and early
hyperexcitability would lead to a distal shift in the AIS away from the soma (Grubb and Burrone, 2010).
However, we did not observe any significant differences in AIS dimensions between the 4-week IOP cells
and controls.

Taking a step back, we next endeavored to apply an in vitro approach to gain greater throughput
in evaluating factors governing AlS development and susceptibility to changes in a model of axonopathy.
Previously we observed that human embryonic stem cell derived retinal ganglion cells (nRGCs) cultured
on glass coverslips without growth factor supplementation lacked well-defined axon initial segments
(AISs) (Risner et al., 2021a). This structural deficit correlated with an immature excitability phenotype.

This finding prompted us to develop an in vitro model to drive hRGC axon specification. We achieved
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this model using a microfluidic platform that promoted polarization and used mouse RGC AIS
morphology to establish an in vivo basis for comparison.

Our experiments revealed marked heterogeneity in AlS localization and morphologic type in
hRGCs plated on coverslips compared to mouse RGCs (Figs. 4.1C-H; 4.4A,D). A sizeable portion of
these cells had multiple AnkG-positive putative axons originating from a single soma, suggesting a lack
of well-regulated axon specification. However, culturing hRGCs on microfluidic platforms reduced the
number of multi-AlS cells and increased the proportion of cells with direct AlSs (Figs. 4.2C, 4.4A,D).
These findings suggest that the polarized environment of the microfluidic platform plays a critical role in
promoting axon specification and proper AIS morphology.

We next aimed to establish an in vitro model of hRGC axonopathy using colchicine to chemically
lesion axons and observe the effects of injury on AIS morphology (Fig 4.5). Colchicine treatment caused
significant axon degeneration and retraction. We also observed a reduction in anterograde axonal
transport of CTB, an increase in enlarged varicosities, and increased expression of other indicators of
degeneration. These results are consistent with established markers of axonopathy and neurodegeneration,
supporting this approach as an appropriate in vitro model of the disease (Wang et al., 2003; Noristani et
al., 2016; Calkins et al., 2017; Gu et al., 2017; Risner et al., 2018; Bernardo-Colon et al., 2019). Finally,
we used this model to investigate changes to AlS structure in axonopathy (Fig. 4.6). Interestingly, we
found that not all axons were equally affected. Cells in which the AIS was located on an axon-carrying
dendrite (AcD) appeared to be more susceptible to colchicine. Elsewhere in the central nervous system,
cells with AcDs occupy a specific functional niche and exhibit different excitability properties (Thome et
al., 2014; Hodapp et al., 2022). These findings that the AIS geometry is preferentially altered in AcD-
containing RGCs further corroborates evidence of RGC type-specific susceptibility and suggests that AIS

structure may indeed be altered by glaucomatous stress in certain cases.
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5.3.2 Significance

The findings related to this aim offer mechanistic insight into some of the structural components
of an axon that govern RGC excitability but complicate the notion that the structure of the AIS can
explain cell-cell differences and predict resilience to glaucomatous stress. Rather, it supports key findings
from Aims 1 and 2 that more nuanced ion channel-level differences interact with larger scale structural
components, offering promising potential for molecular therapies.

The combined evidence from prior studies describing the influence of the AIS on RGC light
encoding (Werginz et al., 2020; Wienbar and Schwartz, 2022) alongside our in vitro studies emphasizing
the importance in proper development of the AIS for regulating spiking output within tight margins.
Indeed, poorly matured hRGCs with abnormal AIS localization and dimensions do not exhibit well-
developed responses to electrical stimulation (Risner et al., 2021a). Still, our findings that the relationship
between AIS structure and RGC spiking output is dependent upon the magnitude of stimulation
demonstrate that excitability is not static. Reconciling these results with those supporting Aim 1, we can
hypothesize that AIS structure influences the clustering of specific voltage gated sodium and potassium
channels on different RGC types, which dynamically interact with the internal and external states of the
neuron to adjust the properties of action potential generation to physiologic ranges. Thus, action potential
initiation and repetitive firing can be influenced by the degree of membrane depolarization and the state
of extracellular milieu, perhaps even adjusting to balance the metabolic demands of the neuron with the
need for proper signal encoding.

Our in vivo and in vitro models of glaucomatous degeneration presented an opportunity to
investigate this hypothesis, examining changes to AlS structure and neuronal excitability after axonal
stress. Given the prolonged alterations to RGC excitability and dysregulation of extracellular potassium
homeostasis in glaucoma, we anticipated that we may see plasticity in the AlS to adapt to these
conditions. However, in our inducible mouse model of glaucoma we did not see such a change following
elevated IOP exposure. This suggests that our observed differences in excitability and K* sensitivity are

likely not solely reflective of AIS structural plasticity. Rather, more pathologic changes in voltage-gated
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ion channel and interacting protein expression, as well as alterations in glial regulation of the extracellular
milieu, may contribute to a multifactorial adaptive process aimed at minimizing metabolic and excitotoxic
stress. Conversely, in our in vitro model of axonopathy we did observe alterations to AIS structure, albeit
in a specific subset of cells. This could possibly reflect RGC type-specific susceptibility, especially
considering that the AIS morphology of the affected subtype is linked to more excitable cells which
require greater metabolic support. Given the sample size limitations of our ex vivo patch clamp recording
approach, further work linking axonal structure with cell type-specific alterations in neurodegeneration is

warranted.

5.4 Conclusions

Neurodegenerative diseases are complex and multifactorial disorders that affect a wide variety of
central nervous system regions and cell types. While the etiologies and pathophysiologic processes of
these diseases may differ, they share many common hallmark features of progression. The work presented
here explores the central question of understanding how fundamental neurodegenerative stressors, both
intrinsic processes related to genetics and aging as well as extrinsic stressors like mechanical stress, lead
to shared features of dysfunction and ultimately the death of vulnerable neurons. The focus here was on
linking disruptions in ion homeostasis, neuronal hyperexcitability, and cell type specific susceptibility to
degeneration, all of which can be seen across a variety of distinct neurodegenerative conditions.

In Aim 1, we examined intrinsic features that distinguish the firing properties of two different
subtypes of RGCs. We found that there was a remarkable difference in the sensitivity of these RGCs to
the concentration of extracellular potassium, which significantly contributed to their excitability behavior
under homeostatic conditions. During periods of pathologic stress, however, extracellular potassium can
become dysregulated. We hypothesized that this may represent a link between glaucomatous stress and
the propensity for certain RGCs to succumb more quickly to the stress than others. Following this line of
investigation, in Aim 2 we evaluated how the effects of potassium delineated in Aim 1 changed with

prolonged exposure to elevated intraocular pressure, an important glaucoma-relevant stressor.
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Remarkably, we found that RGCs underwent an adaptive process that made them more resilient to an
acute ionic stressor. Independent of subtype, RGC firing was less impacted by elevated extracellular
potassium after prolonged glaucomatous stress.

While there was evidence for cell type specific differences in this adaptation, the results of Aim 2
add some nuance to the original hypothesis following Aim 1 that potassium sensitivity was a key link
between degenerative stress and cell type susceptibility. Rather, it suggests a remarkable degree of
resilience supported by neuronal adaptations to stress. In Aim 3, we endeavored to mechanistically
investigate one key structure regulating neuronal excitability that could be linked to this adaptive process,
the axon initial segment (AIS). Aim 3 links findings from Aims 1 and 2, and is supported by data from
Chapters 2, 3, and 4. We found in chapter 3 that there wasn’t a large-scale shift in AIS structure following
prolonged IOP exposure, despite evidence from in vitro studies of prolonged potassium elevation. This
challenged the notion that axonal plasticity alone could be responsible for this adaptation. Rather,
evidence from chapter 2 suggesting that the impact of AIS structure of neuronal excitability is dependent
upon cell type and context, such as stimulation level, supports a more nuanced interpretation that this
adaptation is likely due to ion channel-level differences interact with larger scale structural components.
This nuanced approach was further supported by evidence from chapter 4, where in our in vitro model of
axonopathy we saw differential susceptibility of hRGCs to our stressor based upon axonal factors linked
to neuronal excitability.

Together, the results of this work offer further insight into processes linking neuronal
hyperexcitability, glial dysfunction, and other commaon stressors seen in neurodegenerative diseases to
factors that predispose certain neurons to succumb to disease while others remain resilient. Furthermore,
they add to the body of evidence that there are endogenous neuroprotective processes employed by
neurons and glia to maintain function in the face of prolonged stress. This offers important insight into the
relationship between dysregulated extracellular milieu and neuronal stress in degenerative disease and
suggests possible targets for developing neuroprotective therapies. To further develop this understanding,

future lines of investigation should evaluate in more depth the points of contradiction and nuance
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established with the interpretation of these results. First, a more detailed timeline of RGC adaptation to
potassium stress across multiple time points of disease should be established. It remains unclear how soon
into the disease process RGCs exhibit decreased potassium sensitivity. Establishing this time point may
further elucidate the protective vs. maladaptive consequences of this changes. Similarly, it may help in
establishing whether cell type specific differences in potassium sensitivity are truly linked to
susceptibility to degeneration. Next, a detailed investigation of potassium channel expression should be
conducted, determining differences between cell types and disease states. Altered channel expression is
seen across a variety of degenerative diseases and could offer further insight into specific mechanisms
and potential molecular targets for neuroprotective therapy. Another future avenue for exploration of
these mechanisms is expanding the measurement of AIS dimensions in models of glaucoma. Our mouse
model was limited by a low sample size of measured RGCs, while our in vitro model was limited by
translatability despite the improvements offered by the microfluidic culture platform. A large-scale in
vivo study could help bridge this gap, using mice with fluorescently tagged RGCs to increase the amount
of AlSs to measure. This could allow for greater power to detect subtle changes to AlIS structure, but
would be limited by difficulty in distinguishing different RGC types as we did in this work. Finally,
future studies could investigate additional RGC types. Here, we focused on aON-S and aOFF-S cells, a
small subset of the total diversity of RGCs in mice. Of particular interest would be «OFF-T RGCs, which
are nearly as easy to locate and record as the cells in this work and appear to be both more susceptible to
glaucomatous stress (Della Santina et al., 2013; Ou et al., 2016) while also having excitability that is more
highly dependent on AIS structure (Werginz et al., 2020).

Glaucoma is a complex and chronic disease that can lead to insidious vision loss over time, often
without noticeable symptoms until significant degeneration has already occurred. The pathogenesis of
glaucoma involves the interaction between vulnerable retinal ganglion cells and various types of
physiological stress, such as oxidative stress, metabolic stress, and inflammation. One of the key features
observed in many neurodegenerative diseases in addition to glaucoma, including Alzheimer’s Disease,

Parkinson’s Disease, and Amyotrophic Lateral Sclerosis, is neuronal hyperexcitability early in their
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progression. This phenomenon is particularly noteworthy as it is thought to exert significant stress on
neurons, affecting metabolic demand and calcium load, pushing neurons beyond their threshold for
cellular damage towards death.

Moreover, the vulnerability of different cell types in the face of these pathologies is not uniform,
and it may be influenced by intrinsic morphologic, physiologic, and biochemical properties that underpin
the increased sensitivity to degeneration during stress. Despite the challenges posed by these stressors,
research has shown that RGCs have the capacity to undergo a variety of adaptive responses in order to
protect themselves against further damage (Calkins, 2021). Animal models of glaucoma have been crucial
in uncovering the mechanisms by which RGCs adapt to stress. The findings presented in this body of
work offer valuable insights into how RGCs modulate their excitability in the face of prolonged stress
induced by elevated intraocular pressure. Such modulation is believed to play an important role in
preserving visual function, and may offer potential diagnostic and therapeutic targets for early
glaucomatous neurodegeneration.

In light of these discoveries, it is becoming increasingly clear that RGCs possess a remarkable
degree of resilience in the face of sustained stress. This may explain why patients with glaucoma can
maintain relatively good vision for extended periods of time, despite ongoing degenerative stress. While
early diagnosis and treatment of glaucoma are crucial, the ability of RGCs to adapt and respond to various
types of stress offers hope that novel interventions could be developed to protect and preserve visual
function in patients. Moving forward, it will be important to continue exploring the various mechanisms
by which RGCs adapt to stress, in order to uncover potential therapeutic targets. Furthermore, identifying
the specific intrinsic factors that contribute to cell type-specific vulnerability in glaucoma could be key to
developing effective targeted therapies. In particular, the findings presented in this study suggest that the
modulation of RGC excitability may be a promising avenue for further investigation. By understanding
how RGCs modulate their excitability in response to stress, it may be possible to identify specific targets

for interventions aimed at preserving visual function in patients with glaucoma.
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