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Abstract

RGS14 protects against seizure-induced mitochondrial oxidative stress and pathology in
the hippocampus

By Nicholas Harbin

RGS14 is a multifunctional scaffolding protein that is highly enriched within pyramidal cells (PCs)
of hippocampal area CA2. In these neurons, RGS14 suppresses glutamate-induced calcium influx
and related G protein and ERK signaling in dendritic spines to restrain postsynaptic signaling and
plasticity. Previous findings show that, CA2 PCs are resistant to degeneration (unlike CA1 and
CA3 PCs), modulate hippocampal excitability, generate epileptiform activity, and promote
hippocampal pathology in animal models and patients with temporal lobe epilepsy (TLE). While
RGS14 is protective against peripheral injury, similar roles for RGS14 during pathological injury
in hippocampus remain unexplored. Because RGS14 suppresses CA2 excitability and signaling,
we hypothesized that RGS14 would moderate seizure behavior and hippocampal pathology
following seizure activity, possibly affording protection to CA2 PCs. Using kainic acid (KA) to
induce status epilepticus (KA-SE) in mice, we show that the loss of RGS14 (RGS14 KO)
accelerated onset of limbic motor seizures and mortality compared to wild type (WT) mice, and
that KA-SE upregulated RGS14 protein expression in CA2 and CA1 PCs of WT. Our proteomics
data show that the loss of RGS14 impacted the expression of a number of proteins at baseline
and after KA-SE, many of which associated unexpectedly with mitochondrial function and
oxidative stress. RGS14 was shown to localize to the mitochondria in CA2 PCs of mice and
reduce mitochondrial respiration in vitro. As a readout of oxidative stress, we found that RGS14
KO dramatically increased 3-nitrotyrosine levels in CA2 PCs, which was greatly exacerbated
following KA-SE and correlated with a lack of superoxide dismutase 2 (SODZ2) induction.
Assessing for hallmarks of seizure pathology in RGS14 KO, we unexpectedly found no
differences in neuronal injury in CA2 PCs. However, we observed a striking and unexpected lack
of gliosis in CA1 and CA2 compared to WT. Together, our data demonstrate a newly appreciated
role for RGS14 in protecting against intense seizure activity and pathology in hippocampus. Our
findings are consistent with a model where RGS14 limits seizure onset and mortality and, after
seizure, is upregulated to support mitochondrial function, prevent oxidative stress in CA2 PCs,
and promote glial activation in hippocampus.
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1. Introduction

1.1. Overview of dissertation

The central nervous system, consisting of the brain and spinal cord, is arguably the most
important system for vertebrate organisms and in particular mammalian species. The brain is
essential for sustaining the life of an organism and mediating animal behavior for adaptation and
survival. As such, the mammalian brain has evolved to become very specialized and utilizes
mechanisms distinct from other organ systems to prompt behavioral responses. However, these
processes that are essential for adaptation can go awry when not properly regulated in a diseased
brain and contribute to brain injury and pathology. In this dissertation, | will demonstrate how a
single component of the brain that is crucial for certain functions and animal behaviors also acts
in a protective capacity when an animal is challenged with an injury, likely acting on similar

mechanisms during both physiological and pathological processes.

First, | will overview fundamental processes of communication between neurons (i.e., how
neurons transmit, receive, and interpret these signals) and components that regulate certain
aspects of signal integration, detailing one very interesting and important component that is the
subject of this dissertation (i.e., RGS14). After overviewing what is known about the function of
RGS14, | will describe a common consequence of dysregulated neuronal signaling (i.e., seizures
and epilepsy), a major brain structure (i.e., the hippocampus) where dysregulated signaling
promotes seizure activity, the pathological consequences of dysregulation in the hippocampus,
and how RGS14 and the hippocampal subregion where RGS14 is primarily expressed (i.e., area
CA2) may be involved with seizure disorders and epileptic pathology. | will then focus on the
findings of this dissertation, where | evaluate RGS14’s role in protecting against seizures and
seizure-related pathology in the hippocampus and the exacerbated pathological effects observed
when RGS14 is deleted. Lastly, | will thoroughly discuss how the data here support and relate to

other recent findings in the epilepsy field, the implications of RGS14 in epileptic disorders, future



directions that stem from these findings, and overarching conclusions that can be drawn from this

dissertation.

1.2. Synaptic transmission and neuronal signaling

Neurons, consists of branching dendrites that receive signals from other neurons, a cell
body (or soma) that integrates signals from various dendritic compartments, and axons that
propagate the signal away from the cell body and towards connected neurons to form a synapse.
Typically, the synapse consists of the terminal end of the axon (axon bouton) with the dendritic
spine of another neuron and a small space between the axon bouton of the presynaptic neuron
and dendritic spine of the postsynaptic neuron known as the synaptic cleft. The principle means
of cell-to-cell communication between neurons in the central nervous system is synaptic
transmission (summarized in Figure 1), where the synaptic cleft acts as a medium for biological
signal transfer to occur via neurotransmitters and other biomolecules. Neurons are excitable cells
that rely on ion flux through membrane channels to cause depolarization of the cell (i.e. a net
increase of positive charge), and with sufficient depolarization, neurons surpass a threshold and
fire an action potential: a rapid depolarization that propagates from the cell body down the axon
causing neurotransmitter release at synapses. Presynaptic neurotransmitter release from the
axon bouton of a firing neuron into the synaptic cleft results in activation of receptors, changes in
ion flux across the plasma membrane, activation of intracellular signaling proteins that amplify the
neurotransmitter signal, and structural, transcriptional, and translational modifications in the
dendrites of the postsynaptic neuron. The sum of these perturbations on the postsynaptic neuron
influences the probability of firing in the postsynaptic neuron and perpetuating the signal to other

neurons connected in the circuit (Purves, 2008).
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Figure 1. Overview of synaptic transmission between neurons. The firing of an action
potential by the presynaptic neuron propagates a wave of depolarization, which causes the
activation and opening of voltage gated calcium channels (VGCCs) and increasing intracellular
calcium into the presynaptic neuron. Sufficient levels of calcium prompt the release of
neurotransmitters from packaged vesicles into the synaptic cleft. Neurotransmitters bind and
activate receptors on the postsynaptic neuron, which transduce the signal from the extracellular
space of the synaptic cleft to the intracellular space of the postsynaptic neuron. Activation of
ionotropic receptors permits the flow of ions through the receptor channel, which positively or
negatively affects the postsynaptic depolarization. Activation of metabotropic receptors tunes the

response (positively or negatively) of the ionotropic receptors through activation of effector



proteins and synthesis of chemical messenger inside the postsynaptic neuron. The sum of
receptor activation and signaling influences the amount of postsynaptic depolarization and
likelihood of action potential firing at the postsynaptic neuron, and the intracellular response by
receptors and downstream signaling in the postsynaptic neuron is critical for neuronal function.
Glial cells (astrocytes and microglia) support synaptic transmission and neuronal function.
Generally, astrocytes form contacts with synapses to regulate the level of neurotransmitters in the
synaptic cleft and provide nutrients and other factors needed for neuronal function, while microglia
monitor the synaptic environment for neuron injury, cell death, and pathogens that would impair
brain function in pathological conditions while also influencing synapse development and strength

in physiological conditions. Created in BioRender.



In the presynaptic neuron, neurotransmitters are packaged into membrane-bound vesicles
that localize to the axon bouton awaiting fusion with the plasma membrane and release into the
synaptic vesicle upon neuron firing. When the presynaptic neuron fires an action potential, rapid
depolarization activates a number of voltage-gated calcium (Ca?*) channels (VGCCs) that allow
entry of calcium into the axon and axon bouton. Calcium influx is a necessary step for
neurotransmitter release as a number of presynaptic proteins require calcium for their activation,
which prompt vesicular fusion to the plasma membrane and the emptying of vesicle-contained
neurotransmitters into the extracellular space in a process known as exocytosis. The rate of
neuron firing is proportional to the amount of neurotransmitter release from the presynaptic
neuron, and proper regulation neuronal firing and neurotransmitter release is critical for proper
neuronal signaling and function. The majority of neurons in the brain release glutamate, the
principal excitatory neurotransmitter that depolarizes and increases the likelihood of neuronal
excitation at the postsynaptic neuron. Balancing glutamatergic excitation is y-aminobutyric acid
(GABA), the principal inhibitory neurotransmitter that is released by a smaller but significant
proportion of neurons and functions to decrease the likelihood of action potential firing by
increasing the amount of negative charge entering into the postsynaptic neuron. While glutamate
excites and GABA inhibits the postsynaptic neuron, monoamine neurotransmitters such as
dopamine, serotonin, and norepinephrine are released from a subset of neurons and modulate
the excitatory and inhibitory signals released from glutamatergic and GABAergic neurons,
respectively. In addition to these canonical neurotransmitters, there is a growing diversity of
molecules that mediate communication between neurons including neuropeptides and
membrane-permeable molecules like nitric oxide and endocannabinoids. Together, these
molecules transmit signals between the presynaptic and postsynaptic neurons to enable proper

brain function (Purves, 2008).



The postsynaptic neuron receives the neurotransmitter signal through a wide array of cell
surface receptors embedded within the plasma membrane of dendrites (in addition to other
neuronal compartments). Neurotransmitters act as ligands, which bind to protein domains located
outside of the cell and cause conformational changes in the receptor that activate it. Receptors
are critical for transducing the extracellular signal into an intracellular signal and act as a primary
means for neuronal communication. Receptors are broadly classified based on the events
following their activation. lonotropic receptors are membrane channels that permit ion flux upon
their activation, which can cause an increase or decrease of membrane potential on the
postsynaptic neuron and directly affect the likelihood of an action potential firing. For example,
glutamate activates a number of glutamate receptors that can depolarize the postsynaptic neuron
via influx of sodium (Na*) and calcium and increase probability of action potential firing, while
GABA activates GABAareceptors that result in chloride influx that polarizes the cell (net negative
effect on membrane potential) and decreases the probability of action potential firing.
Metabotropic receptors transduce neuronal signals through intracellular mechanisms involving
intermediate molecules. These receptors are crucial for signal amplification and diversification,
and the mechanisms and consequences of their activation will be discussed in greater detail in
the next section. Importantly, ionotropic receptors mediate fast neuronal communication on the
order of milliseconds, while metabotropic receptors are slower and transmit signals on the order
of seconds and minutes. Both types of receptors are essential for neuron communication and
signal integration, and their dysfunction is implicated in a wide array of brain disorders (Purves,

2008).

Critically, neurons are supported by glial cells (notably astrocytes and microglia), which
outnumber neurons, do not fire action potentials, and instead sense and modulate the synaptic
environment to maintain neuronal communication. Astrocytes are distributed throughout the brain

and extend processes that terminate at synapses, forming what is known as the tripartite synapse



along with the presynaptic and postsynaptic neuron. Here, astrocytes regulate the amount of
neurotransmitters like glutamate in the synaptic cleft via excitatory uptake transporters. In return,
astrocytes can facilitate or inhibit presynaptic neurotransmitter release and synchronize neuronal
firing and communication via direct or indirect signaling with neurons. Importantly, astrocytes also
regulate cerebral blood flow to the brain and help connect metabolic changes to neuronal function
and signaling (Volterra and Meldolesi, 2005). Microglia on the other hand are the primary immune
cells of the brain that regulate synaptic development and transmission while also mediating
inflammatory responses to injury during disease. Microglia actively survey the neuronal
environment to prune and modulate the strength of synapses depending on synaptic activity and
the release of chemoattractive and inflammatory factors by neurons and astrocytes during
development and brain injury (Wu et al., 2015). Therefore, neurons rely heavily on glia to establish
proper synaptic connections with other neurons and regulate synaptic activity during physiological

and pathological states.

1.3. G-protein signaling in neurons

Intracellular signaling is a complex, intertwined ballet of spatial and temporal coordination,
empowered by a spectrum of signals generated outside and within the cell, and supported by a
plethora of molecules that create the finely tuned physiological responses that are essential for
life. This dizzying dance of biomolecular bravado has quested the biologist onto a long,
complicated, and ever-expanding tale of explanation. In the brain, intracellular signaling in
neurons represents a black box between endogenous and exogenous stimulatory input and the
physiological, behavioral, and cognitive output that supports life, action, and inquisition: How does
the most minute sound disturb sleep? Why does a small dose of a drug provoke deep changes
in behavior and thought? And why does a single experience cause debilitating mental health
issues in one individual but is unremarkable for another? These stimuli trigger enigmatic

machinations within the cell, causing propagation to connected cells, and coalescing to



measurable outputs from a change in a cell's membrane potential to remembering a lost loved

one.

At the nexus of input are receptors, and the largest and most diverse class of receptors
are G-protein coupled receptors (GPCRs) (Lagerstrom and Schioth, 2008). GPCRs are seven
transmembrane, metabotropic receptors that are abundant on all types of cells and tissues,
especially within the brain. Activation by their endogenous or exogenous agonists initiates a
cascade of molecular changes inside the cell. This cascade is known as signal amplification and
is a fundamental property of GPCRs, where activation by relatively little quantities of agonist can
trigger activation of many downstream effector proteins and generate large amounts of biological
messengers that transduce the signal throughout the cell. Virtually all neurotransmitters in the
brain serve as agonists (or occasionally antagonists that prevent receptor activation by agonists)
for a wide array of GPCRs that affect neuronal properties like synaptic transmission, neuronal
depolarization, action potential firing, and modulation of synaptic strength (Betke et al., 2012).
Because GPCRs affect nearly every aspect of neuronal function, their dysfunction is thought to
contribute to many neurological and psychiatric diseases. Due to this and the availability of
agonist-binding domains in the extracellular space of the synaptic cleft (i.e. drugs need not enter
the cell to be active), GPCRs represents a major therapeutic target for drug development, and
the mechanisms by which they initiate intracellular signaling cascades is critical for the

fundamental understanding of neuronal communication (Stewart and Fisher, 2015).

When agonist binds to a GPCR, the receptor undergoes a conformational switch that
allows for activation of nearby G-proteins inside of the cell via interaction with the cytoplasmic
face of the receptor. When agonist is not bound to the receptor, G-proteins are bound to
guanosine diphosphate (GDP) and are inactive. Upon agonist stimulation, GPCRs act as a
guanine nucleotide exchange factor (GEF) by causing the dissociation of GDP from the G-protein,

allowing for the binding of guanosine triphosphate (GTP) and subsequent activation of G-proteins.



A single GPCR can activate many G-proteins and amplifying the extracellular signal from agonist.
Activated G-proteins interact with a wide array of effector molecules downstream of receptor
activation, which not only amplify the signal but diversify it as well (Oldham and Hamm, 2008).
There are two types of G-proteins: monomeric and heterotrimeric. Monomeric G-proteins (e.g.
Rho and Ras family proteins) are small single proteins that are typically activated downstream of
receptor tyrosine kinases (RTKs). RTK activation results in autophosphorylation of tyrosine
residues on the receptor and tyrosine phosphorylation of adaptor proteins (e.g. Raf kinase) that
can act as GEFs for the small monomeric G-proteins. GPCRs can also indirectly or directly
activate monomeric G-proteins, allowing for cross talk between the two receptor families.
Monomeric G-proteins play numerous roles in cellular function by transducing signals to
cytoskeletal components, vesicles, nuclei, and more (Bos et al., 2007). Heterotrimeric G-proteins
consist of three subunits (Ga, GB, Gy) that form a complex near GPCRs awaiting receptor
activation, where Ga is in the inactive, GDP-bound states and GB and Gy are bound together
forming GBy. When GPCRs are agonized, Ga switches GDP for GTP and adopts an active
conformation that promotes the dissociation of Ga from GBy. Now activated Ga and Gy subunits
interact with and activate a number of effector proteins (e.g. membrane channels and enzymes)
that can generate chemical second messengers, which amplify and perpetuate signal
transduction throughout the cell (Oldham and Hamm, 2008) (G-protein signaling summarized in

Figure 2).
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Figure 2. Overview of G-protein coupled receptor (GPCR) and G-protein signaling. At rest,
GPCRs are bound to the heterotrimeric G-protein complex (Ga, G, Gy), which are inactive via
the binding of guanosine diphosphate (GDP) to the Ga subunit. Ligands (such as
neurotransmitters) activate GPCRs on the cell membrane, which prompts a confirmational shift
of the receptor, prompting the exchange of GDP for guanosine triphosphate (GTP) on Ga, and
activating Ga. GTP-bound Ga dissociates from Gy to interact with effector proteins that promote
the formation of chemical, secondary messengers, whereas GBy also interacts with a number of
effector proteins to alter their activity. To terminate G-protein signaling, GTPase activating
proteins (GAPSs), which include the family of regulators of G-protein signaling (RGS) proteins, bind
to Ga to accelerate the hydrolysis of GTP to GDP and thereby inactivating Ga. GDP-bound Ga
can then reassociate with GBy and reform the inactive complex with a GPCR. Created in

BioRender.



11

There are 16 Ga isoforms classified into four main families based on their effector protein
binding and second messenger generation caused by their activation: Gas that bind to and
increase the activity of the membrane-tethered adenylyl cyclase (AC), which promotes the
formation of the second messenger cyclic adenosine monophosphate (cCAMP); Gai, that also bind
to AC but inhibit the enzyme and the formation of cAMP; Gagi1 that bind to phospholipase C
(PLC) and catalyze membrane lipid hydrolysis to form second messengers inositol 1,4,5-
trisphosphate (IPs) and diacylglycerol (DAG); and Gaizn3 that bind to effector RhoGEFs, which
can then activate small, monomeric G-proteins of the Rho family and enable crosstalk between
GPCR and RTK pathways (Betke et al., 2012; Suzuki et al., 2009). Additionally, 5 G and 12 Gy
isoforms associate together in a variety of ways to differentially interact and regulate the activity
of distinct and overlapping effector proteins compared to Ga, including AC, PLC, G-protein inward
rectifying potassium (GIRK) channels, and VGCCs (Khan et al., 2013). Regulation of these
effectors by G-proteins is essential for conveying the signals detected by GPCRs, and the
dizzying number of permutations that may exist for the Gapy heterotrimer guarantees a diverse
means of signaling within the cell. Second messengers generated from effector enzymes bind to
and alter the activity of their target enzymes. cAMP activates its primary target protein kinase A
(PKA), promotes the phosphorylation of many intracellular proteins, and causes alterations in cell
structure, signaling, and gene expression. Additionally, cCAMP can regulate the activity of cAMP-
gated ion channels and intracellular GEFs. IPs activates IPs receptors in intracellular
compartments like the endoplasmic reticulum (ER) and increases calcium release into the cytosol
from these organelles. Calcium is a second messenger itself and modulates the function of a
staggering number of cellular effectors, especially in neurons. DAG binds to protein kinase C
(PKC) and along with calcium can activate the kinase, promoting translocation of PKC to the
membrane and phosphorylation of its substrates. Together with other nucleotide, lipid, and ionic
second messengers, these molecules generated by G-protein activation regulate cellular function

at all levels and thus requiring tight regulation to prevent cellular dysfunction (Newton et al., 2016).
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In the presynaptic neuron, GPCRs can regulate synaptic transmission by affecting the
likelihood of neurotransmitter release via G-protein activation. An important feedback mechanism
of synaptic transmission is the presence and activation of GPCRs near the active zones of
neurotransmitter release. When stimulated, these GPCRs can inhibit (Gaio-coupled GPCRS) or
facilitate (Gas- or Gag-coupled GPCRs) subsequent neurotransmitter release depending on the
GPCR and the type of G-proteins that it couples. Gaio-coupled GPCRs inhibit synaptic
transmission primarily through the GRy subunits. GBy can inhibit VGCCs, which decreases the
amount of calcium influx at the axon bouton and limit calcium-dependent exocytosis of
neurotransmitters, activate GIRK channels, which can repolarize the cell via potassium efflux from
the neuron and inhibit action potential firing and subsequent neurotransmitter release, and interact
with proteins involved with exocytosis, which can inhibit vesicle fusion with membrane and
preventing the release of packaged neurotransmitters. In contrast with Gai,, GPCRs coupled to
Gas and Gaq can facilitate successive release of neurotransmitters by acting through Ga subunit
and second messenger signaling. Phosphorylation of VGCCs by PKA and PKC can enhance
calcium influx into the axon terminal and increase neurotransmission via Gas and Gagii-
dependent activation, respectively. Additionally, these two kinases can phosphorylate exocytotic
machinery and influence vesicle release independent of calcium channels. cAMP and DAG can
also facilitate neurotransmission by binding and activating presynaptic effectors other than PKA

or PKC (Brown and Sihra, 2008).

While GPCRs in the presynaptic neuron largely influence action potential firing and
vesicular neurotransmitter release, GPCRs and G-protein signaling at the postsynaptic neuron is
capable of modulating a variety of cellular effects including neuronal depolarization and
excitability, synaptic plasticity, cytoskeletal structure, transcriptional and translational activation,
receptor recycling, and neuronal metabolism. At the membrane, G-protein signaling functions to

support the quick ion flux caused by ionotropic receptor activation from glutamatergic and
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GABAergic receptor activation by creating slower but longer lasting changes and promoting
amplification of the signal released by the presynaptic neuron. Like the presynaptic neuron, both
Ga and GBy modulate the activity of their effector proteins following neurotransmission and GPCR
activation, where Gy is also capable of directly activating GIRK channels to antagonize
depolarization of the postsynaptic neuron. Ga signaling can indirectly modulate ion flux through
glutamate-activated N-methyl D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors via second messenger activation of kinases like PKA
and PKC, which phosphorylate either the receptor or scaffold proteins that modulate NMDA and
AMPA receptor activity and postsynaptic depolarization. GPCR modulation of ionotropic NMDA
and AMPA receptors is a critical regulatory mechanism at excitatory synapses not only due to the
effects on postsynaptic depolarization but also because both NMDARs and AMPARs are
responsible for calcium influx from the extracellular space (Rojas and Dingledine, 2013). Calcium
is a major second messenger in dendrites and is essential for the strengthening and weakening
of a synapses (i.e. synaptic plasticity) in addition to major signaling events resulting in a number
of cellular consequences (Higley and Sabatini, 2012; Lisman et al., 2012). Because GPCR
activation can also cause calcium influx from intracellular stores via Gaq signaling and alter
extracellular calcium transients via modulation of VGCCs, the levels of intracellular calcium and
calcium-dependent signaling can be tightly regulated by GPCR and G-protein activation in the
postsynaptic neuron, similar to what is seen in the presynaptic neuron (Higley and Sabatini, 2012;
Zamponi and Currie, 2013). Transduction of membrane signals towards the cell body is essential
for proper neuronal function, as neurons often span across long distances to transmit neuronal
signals from one brain region to another (Johanson et al., 1996). G-proteins, their effectors, and
second messengers mediate signal transduction to various cellular compartments within the
neuron, including the nucleus (Goetzl, 2007). For example, Gas-CAMP activation of PKA can
promote activation of CAMP response element binding protein (CREB) in the nucleus, where it

functions as a transcription factor of genes containing a cAMP response element (CRE). These
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gene products are needed for long-term stabilization of synaptic plasticity, which is essential for
memory formation in the brain (Alberini, 2009). Therefore, by adjusting ion flux and membrane
depolarization at the membrane or transducing signals intracellularly, G-proteins mediate
changes that influence the postsynaptic neuron’s ability to communicate within and between

neurons.

1.4. Regulation of G-protein signaling by RGS

Signaling by G-proteins must be tightly controlled by mechanisms that restrict the duration
of activation of G-proteins to prevent aberrant signaling to its downstream effectors. G-proteins
have intrinsic GTPase activity, which allow for hydrolysis of GTP to GDP, reassociation of the
Gapy heterotrimer, and thus terminating G-protein signaling. However, GTPase activity is
inherently slow and requires enhancement by GTPase-activating proteins (GAPs), which
accelerate GTP hydrolysis and deactivation of G-proteins. Over three decades of investigation
have led to the identification and characterization of GAPs that endogenously terminate G-protein
signaling. GAPs that negatively regulate Ga activation are known as regulators of G-protein
signaling (RGS), of which there are 20 canonical RGS proteins (Squires et al., 2018b) (Figure 3).
All canonical RGS proteins contain an RGS domain, a ~120 amino acid sequence that is
necessary for its ability as a GAP, which interacts with and stabilizes the switch regions of Ga
subunits to accelerate G-protein deactivation (Tesmer et al., 1997). The RGS protein family is
grouped into four main subfamilies based on sequence similarity: R4 (RGS1, 2, 3, 4, 5, 8, 13, 16,
18, 21), R7 (RGS6, 7, 9, 11), R12 (RGS10, 12, 14), and Rz (RGS17, 19, 20). Additionally, RGS
proteins in the R7 and R12 (all but RGS10) subfamilies contain other domains that enable it to
bind and affect the function of other proteins beyond its potentiation of GTPase activity (Squires

et al., 2018b).
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Figure 3. Regulator of G-protein signaling (RGS) family of proteins. (modified from Squires
et al., 2018b) The twenty proteins of the RGS family are divided into four subfamilies based on
sequence homology: R7, R12, Rz, and R4. All RGS proteins are characterized by a RGS domain,
which is necessary for its GAP activity towards Ga subunits and termination of G-protein signaling.

RGS14, the RGS protein of interest for this dissertation, is highlighted with a red box.
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RGS proteins are highly important for termination of heterotrimeric G-protein signaling
after activation of Gain- and Gag1i-coupled GPCRs but not for GPCRs coupled to Gas or Gaios,
as these Ga subtypes contain residues in the switch | region that occlude RGS binding (Masuho
et al., 2020). However, it should be noted that RGS-like proteins (similar but distinct from
canonical RGS proteins) exist that can act as both effectors and GAPs of Gaiz13isoforms, which
allow for tight regulation of Gaizn3 signaling (Suzuki et al., 2009). Critical to their function, RGS
proteins do not broadly deactivate all Gai.- and Gagi: subunits but rather exhibit subtype
selectivity based on RGS sequence. Generally, R7 and R12 members are selective for Gaipo
subunits, R4 are selective for most Gai, and Gag11 subunits, and members of the Rz are selective
for Ga, (a member of the Gai, subfamily). RGS proteins are unique in their affinity towards Ga
isoforms with varying selectivity (even within the same Ga family) depending on the specific RGS
subtype, allowing for preferential regulation of GPCRs depending on their Ga coupling (Masuho
et al., 2020). Defying convention, recent investigations have demonstrated non-canonical
signaling roles for RGS proteins through non-RGS domains or other motifs in the protein that
influence cell signaling pathways (e.g., mitogen activated protein kinase (MAPK) signaling)
independent of their effect on heterotrimeric G-protein signaling (Sethakorn et al., 2010). Further
exploration of RGS function is therefore warranted to unravel their complex effects on the

intracellular response.

Importantly, RGS proteins are discreetly and selectively expressed based on tissue and
cell-type, providing further specialization of RGS function. RGS proteins are expressed in the
brain, heart, spleen, and lungs among other tissues and within those tissues have varying degrees
of expression based on the cell-type and subtype, especially in the brain (Squires et al., 2018b).
Their expression in the cell is regulated at multiple levels including epigenetic, transcriptional, and
post-transcriptional regulation. Protein stabilization and binding to obligate partners also

modulates RGS function, while their subcellular localization can affect the ability of RGS to
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perform their regulatory duties. Being negative regulators of G-protein signaling, a common
feedback mechanism of G-protein signaling is modification of RGS expression following agonist
stimulation of GPCRs and other cell surface receptors, which can function to increase or decrease
the brake on cell signaling. For example, some RGS genes contain CRE sites, and agonist-
induced increases of intracellular cAMP lead to activation of CREB, which can alter transcription
of these RGS genes. mRNA stability is also emerging as a means of regulating RGS protein,
where micro RNAs (miRNAs) and RNA-binding proteins can influence the stability and translation
of RGS14 mRNA transcripts. Post-transcriptional modifications of RGS proteins, such
phosphorylation, ubiquination, and oxidation, and interaction with binding partners, such as G5
for R7 RGS family members, can influence protein stability, activity, and subcellular localization
and are well characterized for many RGS proteins. Altered expression of RGS proteins is
associated with pathology in cardiovascular disease, immune system diseases, and disorders of
the central nervous system, and the effects of RGS expression and function in disease

modification is a blossoming field in G-protein research (Alginyah and Hooks, 2018).

Most RGS proteins have some degree of expression in the brain, where many are
selectively and dynamically expressed in distinct brain regions to affect synaptic transmission,
neuronal excitability, synaptic plasticity, and neuronal differentiation and survival with
consequences on behavior (e.g. cognitive function, emotional regulation, movement) and
neurological and psychiatric disease (e.g. epilepsy and depression) (Gerber et al., 2016; Gold et
al., 1997; Larminie et al., 2004). RGS proteins localize to pre- and postsynaptic neurons of
glutamatergic, GABAergic, and monoaminergic neuron types, where they can antagonize GPCR
signaling by accelerating the recoupling of Ga to GBy and terminating both heterotrimeric
signaling arms. RGS proteins with activity towards Gai, (e.g. RGS2) have been shown to facilitate
neurotransmitter release by decreasing GBy-mediated inhibition of presynaptic VGCCs (Chen

and Lambert, 2000). Likewise, RGS2 also negatively regulates GBy-dependent inhibition of
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postsynaptic GIRK channels after GABA activation of metabotropic GABA receptors (Gaij-
coupled GABAgR), which reduces the inhibitory effect of GABA (Labouebe et al., 2007).
Regulation of Gaga1 signaling by RGS is also important in synaptic transmission. For example,
RGS4 negatively modulates Gag-coupled metabotropic glutamate receptors (mGIuRs), which
limits mGIuR activation (Saugstad et al., 1998). Postsynaptic mGIuRs can mediate retrograde
release of neuromodulators like endocannabinoids and opioids, which act on presynaptic GPCRs
to tune neurotransmitter release, and RGS4 actions here regulate this response (Kreitzer and
Malenka, 2005). Especially important is RGS’s effects on synaptic plasticity, where several RGS
proteins are essential for proper regulation of stable potentiation of the synapse (long-term
potentiation, LTP) or depotentiation of the synapse (long-term depression, LTD). Through effects
on GPCR and G-protein signaling, RGS proteins from multiple subfamilies have been shown to
regulate G-protein dependent effects on LTP and LTD by acting pre- and postsynaptically.
Although the exact mechanisms of RGS regulation of synaptic plasticity are still under
investigation, mounting evidence shows RGS proteins modulate synaptic strength by altering
presynaptic neurotransmitter release and/or interacting with G-protein- and NMDAR-dependent
pathways to regulate postsynaptic potentiation or depotentiation. Increased or decreased
expression of these RGS proteins can have detrimental consequences on neurobehavioral
processes that rely on LTP and LTD, including learning and memory, coordinated movement, and

drug-seeking behaviors (Gerber et al., 2016).

1.5. RGS14 expression and regulation of cell signaling

RGS14, a member of the R10 family of RGS proteins, is a particularly interesting and
unusual RGS protein as it is rather large (~58 kDa in rodent, ~63 kDa in primates), contains
additional domains outside of its RGS domain, and binds to a number of G-proteins, kinases, and
cytoskeletal proteins that allow it to function as a large scaffolding molecule (Figure 4). As a

canonical RGS protein, RGS14 acts as GAP for Gai, isoforms (except Ga,) following their
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Figure 4. RGS domain structure and interacting partners. (modified from Montanez-
Miranda et al., 2022) Human RGS14 is 566 amino acids (534 amino acids in rodents) and
contains several domains that mediate interaction between a number of interacting partners. The
RGS domain binds to activated, GTP-bound Gai, isoforms to accelerate inactivation. The
Ras/Rap tandem binding domain (R1/R2) is necessary for the binding of activated, monomeric
G-proteins H-Ras and Rap2 and upstream Raf kinases, which mediate RGS14’s effects on
downstream mitogen activated protein kinase/extracellular response kinase (MAPK/ERK)
signaling. The R1/R2 domain is also necessary for RGS14 interaction with calcium calmodulin
(Ca?*/CaM) and Ca?*/CaM kinase Il (CaMKII) that are activated by calcium entry. The G-protein

regulatory (GPR) motif promotes the association of RGS14 with inactive, GDP-bound Gaiys
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isoforms. RGS14 contains a nuclear localization sequence (NLS) in the linker region between the
RGS and R1/R2 domains and a nuclear export sequence in the GPR motif, which mediate the
import and export of RGS14 in and out of the nucleus, respectively. While binding to exportin 1
(XPO1) promotes nuclear export of RGS14, binding to 14-3-3y prevents nuclear import and
localization of RGS14. Last, primate RGS14 (but not rodent) contains a PDZ recognition motif
that permits binding of RGS14 to PDZ domain-containing proteins like Na*/H* Exchange

Regulatory Factor 1 (NHERF1).
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activation by GPCRs or non-receptor GEFs to terminate their signaling. Strikingly, RGS14 is able
to traverse throughout the cell and distribute to multiple subcellular compartments including the
plasma membrane, cytosol, and nucleus, where its localization is controlled (at least partially) by
its interacting partners. mMRNA and protein of RGS14 has been detected in various regions of the
rodent and primate brain, the heart, liver, and immune system (spleen, thymus, immune cells) in
rodents, and, most recently, the proximal and distal tubule of human kidneys among other regions

where its function is unknown (Harbin et al., 2021).

Much of what is known about RGS14 function comes from cellular studies that have
uncovered the wide range of binding partners of RGS14 and how they influence RGS14
subcellular localization and RGS14 function. Through its N-terminal RGS domain, RGS14
interacts with GTP-bound Gai, proteins following Gaio-coupled GPCRs (e.g. ap-adrenergic
receptor) or non-receptor GEFs (e.g. Ric-8a) (Vellano et al., 2013; Vellano et al., 2011). Activation
of Gaip recruits RGS14 from the cytosol to the plasma membrane, where it accelerates the
inactivation of Gai, (Hollinger et al., 2001; Traver et al., 2000; Vellano et al., 2011). Additionally,
RGS14 is capable of binding with inactive, GDP-bound Gai: and Gais subunits, through its C-
terminal G-protein Regulatory (GPR) motif (also known as a GoLoco domain), and this interaction
also localizes RGS14 to the plasma membrane (Shu et al., 2007; Traver et al., 2004). Here,
RGS14 is hypothesized to act as a guanine nucleotide dissociation inhibitor (GDI), preventing
GDP dissociation and activation of Gaiiz, and/or form a local signaling nexus where RGS14 can
scaffold and regulate Gay, activation and other membrane signaling molecules (Harbin et al.,
2021). Between the RGS domain and GPR motif is a Ras/Rap tandem-binding domain (R1/R2),
which is essential for binding of RGS14 to activated monomeric G-proteins like H-Ras and Rap2
and provides a scaffold for Raf kinases that activate H-Ras (Shu et al., 2010; Traver et al., 2000;
Vellano et al., 2013; Willard et al., 2009). Little is known about how RGS14 influences Rap2

function and vice versa, although this binding does not appear to alter interactions with active or
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inactive Gaip subunits (Mittal and Linder, 2006). Contrary to Rap2, RGS14 binding to H-Ras
promotes RGS14 distribution to the plasma membrane, and this binding inhibits receptor-
dependent MAPK/extracellular response kinase (ERK) signaling (Shu et al., 2010; Vellano et al.,
2013; Willard et al., 2009). RGS14 interactions with inactive Gaiyz increase its affinity towards H-
Ras (Shu et al., 2010), and H-Ras binding enhances RGS14 GAP activity (Zhao et al., 2013).
How RGS14 inhibits H-Ras dependent MAPK/ERK activation is unknown but may do so by
regulating H-Ras interaction with downstream effectors. Our recent report investigated the
primate/human-type RGS14, which contains an additional 22 amino acid sequence at the protein
C-terminus and ends in a PDZ recognition motif. In kidney cells, primate/human RGS14 can bind
to one of the PDZ domains of Na*/H" Exchange Regulatory Factor 1 (NHERF1) via its PDZ maotif,
allowing RGS14 to disinhibit phosphate uptake into the cell following agonist stimulation
(Friedman et al.,, 2022). The identification of PDZ interactions between RGS14 and PDZ-
containing proteins represents another, largely unexplored mechanism of RGS14 scaffolding,
especially in the brain where PDZ interactions are vital for membrane scaffolding and signaling at

the postsynaptic neuron (Dunn and Ferguson, 2015).

Recently, our lab characterized the RGS14 interactome in mouse brain, which identified
a number of novel interacting partners (Evans et al.,, 2018a). Interestingly, we identified
calcium/calmodulin (Ca?*/CaM) and Ca?*/CaM-dependent kinase Il (CaMKII) in the mouse brain,
which was confirmed in vivo and in vitro. Both Ca?*/CaM and CaMKIl are highly expressed
throughout, notably in the brain where they regulate phosphorylation and activity of hundreds of
their downstream effectors to control many aspects of neuronal function, including synaptic
plasticity (Lisman et al., 2012; Xia and Storm, 2005). While it is unclear to what purpose RGS14
binds to Ca?*/CaM and CaMKII, the interaction between RGS14 and these calcium-dependent
proteins is likely of high importance regarding RGS14’s function in the brain. The interactome also

revealed a number of dendritic spine proteins that may complex with RGS14 including actin
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binding proteins (e.g. dreberin), proteins that regulate AMPA receptor trafficking (e.g. myosin VI),
and postsynaptic density (PSD) scaffold proteins (e.g. Homerl) (Evans et al., 2018a). Follow-up
studies demonstrated that RGS14 binds the scaffold 14-3-3y (identified in the interactome) in a
phosphorylation-dependent and independent manner, which decreases RGS14 GAP activity and
regulates RGS14 subcellular localization, respectively (Gerber et al., 2018). Interestingly, RGS14
contains a nuclear export sequence (NES) within the GPR motif and a nuclear localization
sequence (NLS) in the linker region between the RGS and R1/R2 domains (Squires et al., 2021).
RGS14 shuttles between the plasma membrane, cytosol, and nucleus, where it utilizes its NLS
and NES to be imported into and exported out of the nucleus, respectively (Branch and Hepler,
2017; Cho et al., 2005; Squires et al., 2021). Similar to subcellular control via Gai/o and H-Ras
binding, RGS14 engages with 14-3-3y to prevent nuclear import (Gerber et al., 2018). Although
the role of RGS14 in the nucleus is unknown, we have shown that mutations in the NES of RGS14
that restricts it to the nucleus interferes with its ability to function at the membrane (Squires et al.,
2021). Taken together, it is clear that RGS14 is uniquely positioned and well-equipped to regulate
cell signaling, especially in neurons, by forming diverse signaling complexes with a number of

interacting partners.

1.6. Roles of RGS14 in neuronal function and behavior

In the mouse brain, RGS14 is developmentally expressed, where it generally increases
starting at P7 and stabilizing at P21 but varies depending on the region. In the adult mouse, it is
highly expressed throughout the hippocampus in the glutamatergic pyramidal cells (PCs) of the
hippocampal area CA2, in the stratum oriens layer of CA1 (where CA2 axons connect to basal
dendrites of CA1 PCs), and sparsely in CA1 pyramidal cells (Evans et al., 2014; Lee et al., 2010).
In CA2 pyramidal cells, RGS14 developmental expression is under the control of the
mineralocorticoid receptor along with other CA2-specific genes (McCann et al., 2021).

Interestingly, RGS14 mRNA is very high in the dendrites and cell bodies of CA2 in adult mice,
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suggesting RGS14 protein expression is controlled in part by local translation (Farris et al., 2019).
Expression is also detected in the olfactory areas like the olfactory nucleus, orbital, entorhinal,
and piriform cortices, the central amygdala, and the nucleus accumbens of the ventral striatum
(Evans et al., 2014; Foster et al., 2021; Squires et al., 2021). In primate and human tissue,
additional expression is found in postsynaptic and nuclear compartments of inhibitory medium
spiny neurons of the dorsal striatum and in presynaptic axons and terminals in the globus pallidus
and substantia nigra (Squires et al.,, 2018a) (RGS14 expression in rodent and primate brain

summarized in Figure 5).

As noted earlier, synaptic plasticity is the functional and structural alterations of a synapse
that result in their strengthening or weakening. In the hippocampus, the entorhinal cortex (EC)
provides cortical, excitatory input onto glutamatergic granule cells of the dentate gyrus (DG) that
project to glutamatergic PCs of area CA3, which terminate their axons in area CA1 (Figure 6).
This is the classical tri-synaptic pathway of the hippocampus (EC>DG>CA3>CALl), and synaptic
plasticity (LTP and LTD) in this pathway underlies memory formation in the hippocampus.
CA3>CAL1l synapses can be robustly strengthened via LTP or weakened via LTD, which can be
maintained over longer periods of time by alterations in the dendritic spine structure (known as
structural plasticity) (Basu and Siegelbaum, 2015). LTP and LTD require NMDAR activation and
calcium influx through NMDARs and VGCCs, where calcium influx activates Ca?*/CaM and its
downstream effectors (Xia and Storm, 2005). It is thought that LTP and LTD expression is
dependent on the amount of calcium influx into the postsynaptic neuron, where high calcium influx
causes LTP and low or modest calcium influx causes LTD. During LTP, Ca%*/CaM activates
CaMKiIl, which promotes the insertion of AMPARSs into the PSD via phosphorylation of AMPAR
and other targets and increases potentiation in subsequent synaptic transmission events (Herring

and Nicoll, 2016).
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Figure 5. Regions of RGS14 expression in rodent and primate brain. (modified from

Montanez-Miranda et al., 2022) Overview of RGS14 expression in the primate (A) and rodent

(B) brain from the most rostral (i) to most caudal (iv) regions of expression. Region abbreviations:

Caudate (Cau), putamen (Put), nucleus accumbens (NAc), anterior olfactory nucleus (AON),

orbital frontal cortex (OFC), external segment of the globus pallidus (GPe), entorhinal cortex (EC),

piriform cortex (Pir), internal segment of the globus pallidus (GPi), substantia nigra (SNr), central

nucleus of the amygdala (CeA), basolateral nucleus of the amygdala (BLA), hippocampal areas

CAl and CA2, caudoputamen (CPu).
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Figure 6. Basic circuitry and plasticity of the hippocampus. In the classical trisynaptic
pathway, the hippocampus receives cortical input from the entorhinal cortex (EC), which provides
input to the granule cells of the dentate gyrus (DG). Mossy fibers from the DG synapse onto
pyramidal cells of areas CA3, which transmit information to pyramidal cells of area CAl. As an
alternative means of information flow, area CA2 receives strong excitatory input from the EC and
projects to area CAL. Additionally, area CA2 receive input from both the DG and CA3 and projects
back to CA3 and forward to CA1. While excitatory synapses of CA3>CAL connections are robustly
strengthened during stimuli that promote synaptic plasticity of the circuit (i.e., memory formation),
the excitatory synapses of CA3>CA2 are resistant to such plasticity under physiological

conditions. Created in BioRender.
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During LTD, weak calcium influx promotes Ca?*/CaM binding and effects on phosphatases (e.g.,
calcineurin), which generally dephosphorylates substrates to causes depotentiation (Xia and
Storm, 2005). Additionally, G-protein related events like cAMP/PKA, PKC, and MAPK/ERK

activation play critical roles in modulating LTP, LTD, and memory formation (Gerber et al., 2016).

Like CAl, CA2 PCs, where RGS14 is highly expressed, also receives input from CA3, but
these synapses are notoriously resistant to LTP in adolescent or older WT mice (Zhao et al.,
2007) (Figure 6). Global knockout of RGS14 (RGS14 KO) in mice permits LTP in a MAPK/ERK-
dependent manner at CA3>CA2 synapses (Lee et al., 2010). Additionally, the same study
demonstrated that loss of RGS14 increased excitability of CA2 PCs without affecting normal
synaptic transmission at CA3>CA2 synapses, suggesting RGS14 also influences intrinsic
properties of CA2 PCs firing. A follow-up study showed that RGS14 suppresses glutamate-
induced calcium transients in CA2 PCs (and CA1 PCs when ectopically expressed) to inhibit LTP
and structural enlargement of dendritic spines, and suppression of LTP here was shown to be
dependent on NMDAR, CaMKIl, and PKA inhibition (Evans et al., 2018b). A recent report
demonstrated that a functional mutation in the GPR motif (preventing RGS14 localization to the
plasma membrane) restored LTP in a similar manner as RGS14 KO, whereas mutations in the
RGS or R1/R2 domains had no effect on LTP inhibition by RGS14 (Squires et al., 2021).
Therefore, RGS14 in area CA2 (and CA1 when expressed in sufficient quantity) modulates CA2
PC function by suppressing calcium influx and synaptic plasticity likely through upstream
mechanisms at the plasma membrane that inhibit NMDAR, CaMKIl, PKA, and MAPK/ERK
signaling, where RGS14 also affects the intrinsic excitability of CA2 PCs through unknown
mechanisms. Coincident with the unmasking of LTP at CA3>CA2 synapses, RGS14 KO mice
exhibit enhanced spatial memory in Morris water maze and novel object recognition tasks, which
is thought to be due to the enhanced LTP in CA2 (Lee et al., 2010). Interestingly, a mutation in

the RGS14 NES (RGS14 L504R) that sequesters RGS14 to the nucleus prevents its association
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with Gaiys at the plasma membrane. However, RGS14 L504R mice have normal spatial memory,
suggesting RGS14 in the nucleus may be sufficient for its effects on learning and memory and

independent of its ability to suppress LTP at the plasma membrane (Squires et al., 2021).

Contrary to LTP, CA2 pyramidal cells can express LTD at CA3>CAZ2 synapses, including
LTD derived from GABAergic, inhibitory neurons (iLTD) and mGluR-mediated LTD (Piskorowski
and Chevaleyre, 2013; Samadi et al., 2023). Recently, it was demonstrated that RGS14 KO mice
lack mGluR-dependent LTD relative to WT, which robustly express this form of LTD. This effect
was dependent on protein synthesis, as inhibition of translation rescued LTD in RGS14 KO mice,
but not CaMKII signaling. Interestingly, RGS14 KO mice had an impairment in social memory,
where KO mice spent similar amounts of time investigating a novel mouse compared to a familiar
mouse. However, RGS14 KO mice had no impairment in sociability, suggesting RGS14 is
important for recognition of a novel mouse (Samadi et al., 2023). This finding in particular is
exciting as it has been repeatedly demonstrated that proper CA2 functioning is critical for social
memory, and mouse models that result in social impairment display altered CA2 function.
Whether RGS14’s effect on social memory is dependent on its modulation of LTP, LTD, or another
property of CA2 remains to be seen. A last finding of hippocampal RGS14 comes from the viral
expression of an RGS14 transcript that omits the RGS domain and part of the linker region
between RGS and R1/R2 but includes the C-terminal PDZ motif (RGS14414). Overexpression of
this RGS14414in CA1 PCs has been reported to enhance spatial memory, neurite formation, and
brain-derived neurotrophic factor (BDNF) production associated with increased plasticity in CAl
PCs (Masmudi-Martin et al., 2019). Although this data conflicts with reports that RGS14
suppresses memory and LTP and promotes LTD in CA2, it demonstrates RGS14’s complexity in
the cell, where each domain and motif of the protein can greatly influence its effect in cell signaling

and behavior.
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Aside from hippocampal plasticity, RGS14 KO mice were shown to have enhanced
anxiety-like behavior in a novel environment. RGS14 KO mice locomote less than their WT
littermates overall, an effect that is driven by increased avoidance of the center of the environment
relative to the periphery. In the same report, RGS14 KO mice were shown to be more sensitive
to the behavioral effects of cocaine, which causes RGS14 KO mice to locomote preferentially in
the periphery of the environment relative to the center, an effect that is potentiated when the
environment is novel. This effect correlated with increased neuronal activation in area CA1, CA2,
and the central amygdala of RGS14 KO mice, which suggests RGS14 in these areas regulates
postsynaptic receptor activation of dopaminergic and glutamatergic stimuli caused by novelty-
induced stress and cocaine to dampen locomotor behavior (Foster et al., 2021). Likewise, RGS14
KO in females enhances retention of cued fear, which may be attributable to RGS14’s actions in
the central amygdala, an area fundamental to cued fear response (Alexander et al., 2019).
Therefore, RGS14 within or outside the hippocampus may be involved with drug response and

response to stressful stimuli like novel environments.

1.7. Excitability, epilepsy, and temporal lobe epilepsy (TLE)

The vast majority of neurons in the brain are either excitatory, glutamatergic neurons or
inhibitory, GABAergic neurons (also known as interneurons). Balance between excitation and
inhibition (E/I balance) is fundamental for proper behavioral response to stimuli, and dysregulation
of E/l balance is thought to underly a variety of neuropathological states. In the hippocampus, the
principal neurons (pyramidal cells of the CA regions and granule cells of the DG) are
glutamatergic, and as mentioned in the previous section, are essential for proper memory
formation and spatial learning. Glutamate transmission activates ionotropic NMDAR, AMAPARS,
and kainate receptors (KARs) to cause depotentiation of the postsynaptic neuron as well as
metabotropic mGIluRs that can modulate postsynaptic excitability (Niswender and Conn, 2010;

Traynelis et al., 2010). Their activity is regulated by a smaller number but highly interconnected
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network of inhibitory neurons, which release GABA to activate ionotropic GABAx receptors that
oppose glutamate-induced depolarization or metabotropic GABAg receptors that can modulate
presynaptic glutamate release or postsynaptic responses to tune inhibition (Gassmann and

Bettler, 2012; Sigel and Steinmann, 2012).

Epilepsy is characterized by the development of spontaneous seizures that originate from
a focal point in the brain (focal seizures) or generalized with multiple, undefined foci spread across
the brain (generalized seizures). Epilepsy can develop from neurotrauma (e.g. traumatic brain
injury or long, uncontrolled seizure activity known as status epilepticus), genetic mutations,
infectious diseases, or immune disorders. Epileptogenesis is the period prior to the occurrence of
spontaneous seizures, where numerous pathological alterations in the brain lower the threshold
for seizure activity and increasing the propensity for seizure occurrence. Behavioral seizures can
manifest as a loss of consciousness, confusion, convulsions involving dystonic posturing,
involuntary muscle twitching (myoclonic seizure), muscle spasms (tonic seizure), muscle jerking
(clonic seizure), or hallucinations of sensory stimuli among other clinical presentations. The main
seizure period is known as the ictal period, and the time between seizure events is known as the
interictal period, which consist of electrical hallmarks that can be detected using

electroencephalogram (EEG) and aid in the diagnosis of epileptic disorders (Devinsky et al., 2018)

The most basic theory of seizure generation is an imbalance of E/I in brain regions of
seizures occurrence, where principal excitatory neurons become more excitable and aberrant
neuronal activity is uncontrolled through typical inhibitory mechanisms. However, enhanced
inhibitory tone is also thought to play an important role in seizure generation in some cases. Period
of intense seizure activity during ictal periods consists of abnormal firing of excitatory neurons,
which fire in a rapidly hyperexcitable and/or synchronous manner and can spread to connected
neurons in the network. Interictal epileptiform discharges may present as interictal epileptiform

spikes (IESs), which originate from hypersynchronous activity from excitatory neurons, and/or low
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voltage, fast spiking high-frequency oscillations (HFOs), which are dependent on
hypersynchronous inhibitory network activity and is the type of activity thought to propagate to
other structures in the case of focal seizures. Importantly, glial factors and changes in the
extracellular environments are thought to sustain this type of interictal activity and possibly
precipitate this to ictal activity/behavioral seizures. Anti-seizure drugs (ASDs) are the primary
pharmacological treatment for epilepsy, which prevent or reduce seizure frequency in those who
respond to treatment. ASDs mostly act by inhibiting voltage-gated sodium channels (e.g.
carbamazepine and phenytoin) or VGCCs (ethosuximide) to reduce action potential firing of
glutamatergic neurons or enhancing inhibition of GABA transmission (e.g. benzodiazepines like
diazepam). Seizures can also be mitigated with neurostimulation (e.g. vagal nerve stimulation),
dietary changes (e.g. ketogenic diet), or surgical resection of seizurogenic tissue, especially for
those who do not respond to ASDs. However, all current treatments target seizure activity to
reduce seizure frequency and severity rather than the mechanisms that promote the development
of spontaneous recurrent seizures (i.e. epileptogenesis) (Devinsky et al., 2018; Engel, 2001,

Tatum, 2012).

Temporal lobe epilepsy (TLE) refers to spontaneous seizures that originate from limbic
and cortical areas of the temporal lobe (e.g. hippocampus, amygdala, EC, and associated
neocortical areas). TLE is the most common type of focal epilepsy and the hardest to treat, where
approximately 30% of TLE patients are unable to control seizures with ASDs (Tellez-Zenteno and
Hernandez-Ronquillo, 2012). TLE seizures are often preceded by auras with sensory
hallucinations and gastrointestinal symptoms, and loss of consciousness, amnesia, absent
gazing, and automatisms are common with TLE seizures. Clinical symptoms during a seizure can
reflect the foci of seizure generation and the temporal spread of epileptiform activity to regions
associated with those symptoms including the hippocampus, parahippocampal structures like the

EC, or frontotemporal cortices. Motor symptoms are less common in TLE but are reflective of
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seizure propagation to the motor cortex. EEG signatures can be monitored with dural, subdural,
or depth electrodes in conjunction with clinical presentation prior to, during, and after seizure
activity, which is important for defining the source of seizure generation (Tatum, 2012). Aside from
seizure activity, TLE patients may also have cognitive, learning and memory, and language
impairments, comorbidities like depression or anxiety, or other reductions in quality of life caused
by disease progression or side effects of treatment (Devinsky et al., 2018; Novak et al., 2022).
Understanding the epileptogenic process by investigating fundamental mechanisms that

contribute clinical symptoms and pathology is an active area of epilepsy research.

1.8. Animal models of TLE and hippocampal pathology

TLE is commonly modeled in rodents (rats and mice) with the use of genetic models,
electrical stimulation models, and induction of status epilepticus (SE) using chemoconvlusants
(Kandratavicius et al., 2014). To model TLE in animals, there must be a precipitating injury, a
latent period following injury of which epileptogenesis occurs, the development of spontaneous
recurrent seizures, and typical pathology associated with TLE (discussed in more detail below).
Genetic models utilize loss- or gain-of-function genetic mutations, gene knockout or knockin, or
the development of rodent strains that are seizure susceptible (e.g. audiogenic seizure
susceptible strains of rats and mice) to assess epileptogenesis and associated pathology.
Electrical shock of the entire brain, selective stimulation of seizurogenic areas (e.qg.
hippocampus), or progressive enhancement of epileptic seizures via electrical kindling of known
seizurogenic circuits (e.g. amygdala) can reliably induce spontaneous seizures and is widely used
to investigate underlying mechanisms of epileptogenesis. Chemoconvulsants like the glutamate
analog and receptor agonist kainic acid (KA), muscarinic receptor agonist pilocarpine (PILO), and
GABA\ receptor antagonist pentylenetetrazol (PTZ) are commonly administered systemically or
intracerebrally to induce SE (a precipitating injury), which promotes typical TLE pathology and the

formation of spontaneous seizures (Kandratavicius et al., 2014). Additionally, SE can be used as
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a model of acute seizure-induced injury regardless of epileptogenesis, as SE causes pronounced
neuronal death and related pathology (Wang et al., 2005). KA is especially useful to target the
hippocampus, as there is a high abundance of KARs in the hippocampus, activation of KARs by
KA causes hippocampal-generated seizure activity, and KA administration causes seizure-
induced damage and pathology in the hippocampus similar to what is seen in TLE patients (Ben-

Ari and Cossart, 2000).

In many cases, the hippocampus is the major focus of TLE seizures and is highly
susceptible to injury primarily due to the highly excitable nature of the hippocampus and its
excitatory synaptic connections to cortical and amygdala regions (Engel, 2001). Several
pathological hallmarks are common in the hippocampi of TLE patients and animal models of TLE,
particularly in the KA model of SE induction (Rusina et al., 2021) (summarized in Figure 7).
Pathology is attributed to the effects of seizure activity as well as fundamental mechanisms
underlying epileptogenesis (Devinsky et al., 2018). Hippocampal sclerosis (i.e. atrophy and
neuronal loss in hippocampal tissue) is the most common pathology observed in TLE patients,
especially those that are resistant to treatment (Blumcke et al., 2013). Neuronal loss in TLE
(typically in hippocampal areas CA1, CA3, and the hilar of the DG along with other hippocampal-
associated regions) is thought to occur from seizure-induced excitotoxicity, where neuronal
hyperactivity during a seizure triggers a series of intracellular events leading to cell death (Niquet,
2012). Surgical resection of atrophied tissue can be effective for stopping seizures in those with
treatment-resistant TLE, although long-term follow-ups demonstrate seizure relapse in some

patients, which suggests other mechanisms of seizure generation (Blumcke et al., 2013).
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Figure 7. Common pathological hallmarks of TLE. In a healthy hippocampus, circuitry is
unaltered, neurons are healthy and functioning normally, glial cells (microglia and astrocytes) are
resting, the blood brain barrier is intact, and mitochondria produce physiological levels of reactive
oxygen species (ROS) for energy production in neurons. In the epileptic hippocampus of TLE
patients and rodents: 1) the pyramidal cells of area CA1 and CA3 are susceptible to degeneration,
which can lead to hippocampal sclerosis and cognitive impairment; 2) axonal mossy fibers from
granule cells can form recurrent, excitatory connections with themselves to sustain seizure
activity; 3) microglia and astrocytes become reactive in response to hyperexcitability and neuronal
damage, which can further exacerbate pathology; 4) the blood brain barrier becomes leaky and
dysfunctional, which permits the entry of large molecules and cell into the brain and compromising
barrier integrity; 5) the high energy demand needed to sustain seizure activity can lead
mitochondrial dysfunction, which can cause excessive levels of ROS and subsequent oxidative

stress. Created in BioRender.
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Mossy fiber sprouting is another common pathological hallmark and is often associated
with hippocampal sclerosis. Mossy fibers are the axonal projections from granule cells of the DG,
which normally project to excitatory mossy cells in the hilar region of the DG, inhibitory
interneurons of the DG, and excitatory pyramidal cells of CA3. During mossy fiber sprouting in
TLE, granule cells of the DG undergo plasticity that promotes axon formation and synaptogenesis
onto granule cells, which forms recurrent, excitatory connections, excitatory PCs, and to a lesser
extent GABAergic interneurons. Mossy fiber sprouting is associated with hippocampal
hyperexcitability, although it remains unclear if this is a driver of seizure activity or epileptogenesis

(Buckmaster, 2012).

Seizures and TLE cause activation of astrocytes and microglia in what is known as
reactive gliosis, particularly in the hippocampus. Reactive gliosis is common at sites of
epileptiform activity and neurodegeneration (forming a glial scar) and is thought to play a causal
role in epileptogenesis. Microglia are the first glial cell activated by seizure activity, where
neuronal or astrocytic release of neurotransmitters or other molecules (e.g., ATP) mediates their
reactivity. While surveying microglia have characteristic small soma and long processes, activated
microglia undergo a pronounced morphological change displaying larger soma and shorter
processes. Morphological change can be visualized using immunohistochemistry (IHC) against
ionized calcium binding adaptor molecule 1 (IBA1). During and following seizure activity, activated
microglia can engulf hyperactive dendrites and clear debris from damaged cells. In turn, microglia
express and release a number of inflammatory mediators that can activate astrocytes and
modulate neuronal excitability. In TLE, microglia can become persistently reactive, which have
been shown to promote neurodegeneration and epileptogenesis in the hippocampus (Devinsky

et al., 2018; Eyo et al., 2017).

Astrocytes play an important role in TLE as they are important for maintaining ion

gradients, glutamate/GABA concentration, and adenosine/ATP at synapses through calcium-
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dependent vesicular release and uptake/efflux via channels (Clastadonte, 2012). Astrocytes can
be activated by a variety of inflammatory cytokines, neurotransmitters, and other molecules
similar to microglia. Reactive astrocytes in TLE also undergo morphological change, where soma
become hypertrophic and their processes may abnormally overlap with other astrocytes
depending on the extent of astrocytic reactivity. Glial fibrillary acidic protein (GFAP) is expressed
by most reactive astrocytes and is visualized with IHC to determine the extent of astrocyte
activation (Sofroniew and Vinters, 2010). Reactive astrocytes can facilitate neuronal
hyperexcitability and epileptogenesis through changes in glutamine synthetase and glutamate
transporter expression (altering glutamate and GABA concentration at synapses), adenosine
kinase expression (altering inhibitory adenosine concentration at synapses, which is
anticonvulsant), and potassium channel and chloride transporter expression that affects
extracellular ionic gradients and therefore neuronal excitability. Reactive astrocytes also release
inflammatory cytokines and gliotransmitters to facilitate microglia activation and synchronize

hyperexcitable neurons to promote seizure development (Devinsky et al., 2018).

The blood brain barrier (BBB) is the principal protective barrier of the brain, consisting of
endothelial cells that form tight junctions, perivascular pericytes, and the end feet of astrocytes.
The BBB prevents all but the smallest and least polar molecules (e.g. gaseous O, and CO; and
small, lipophilic drugs) to access the brain. The BBB regulates the flow of nutrients (e.g. glucose
and lipids), ions (e.g. potassium and calcium), and other biological molecules into the brain and
prevents infections and pathological agents from entering (Abbott et al., 2006). In TLE, the BBB
often increases in permeability due to a brain insult or inflammation, allowing infiltration of
vasculature proteins and cells that are not usually found in the brain including serum albumin and
peripheral immune cells. BBB dysfunction is common in TLE patients, associated with seizure
frequency, and associated with reactive astrocytes, which can further precipitate BBB dysfunction

(Friedman, 2012).
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Oxidative stress and mitochondrial dysfunction have also been investigated as
contributing factors to epileptogenesis and other hallmark pathologies (e.g. neuronal cell death)
caused by seizure (Shin et al., 2011). In neurons, mitochondria produce ATP via oxidative
phosphorylation in the electron transport chain (ETC), maintain the electrical potential of the cell,
metabolize amino acids for neurotransmitter synthesis, regulate intracellular calcium levels, and
control cell death. During mitochondrial respiration, reactive oxygen species (ROS) including
superoxide (O2) and hydrogen peroxide (H20-) are formed and released from the ETC, and ROS
is important for many physiological processes as they regulate the function of mitochondrial
enzymes, membrane transporters, and ion channels. Under physiological and pathological
stimuli, large increases of intracellular calcium flux are buffered in part by mitochondria, and
calcium buffering into the mitochondria is associated with enhanced ROS production and
alterations in mitochondrial membrane potential (Kann and Kovacs, 2007). In TLE models,
excessive ROS can contribute to excitotoxic neuronal cell death and damage proteins, lipids, and
DNA through oxidation. Additionally, seizure activity enhances nitric oxide (NO) production, which
can modify ion channels and enzymatic proteins to affect their function or react with O, to produce
the highly reactive peroxynitrite. Peroxynitrite reacts strongly with proteins, membrane lipids, and
DNA and can impair neuronal metabolism and function when produced in excess. To protect
against ROS-induced damage during seizure activity, antioxidant enzymes like superoxide
dismutase (SOD), which detoxifies O2 to H.O2, and catalase, which detoxifies H.O to water, are
upregulated following seizure activity (Waldbaum and Patel, 2010). Indeed, mitochondrial
dysfunction may contribute to seizure generation and epileptogenesis as evidenced by mice with
partial or complete loss of the mitochondrial manganese SOD (MnSOD or SOD2), which have
spontaneous seizures and are more sensitive to the behavioral and pathological effects of KA-
induced seizure activity (Liang and Patel, 2004; Liang et al., 2012). However, NADPH oxidase
(NOX) and xanthine oxidase have emerged as primary sources of ROS generation and ROS-

induced cell death and lipid oxidation after NMDAR activation, suggesting alternative, non-
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mitochondrial ROS sources as mechanisms of oxidative stress during seizure activity (Brennan

et al., 2009; Kovac et al., 2014).

1.9. Area CAZ2 function, emerging role in TLE, and implications for RGS14

Area CAZ2 is positioned between CAl and CA3 but has been largely understudied relative
to its neighbors. Although original characterization of the PCs in CA2 noted distinct morphological
and connectivity differences compared to PCs in CA3 and CA1, CA2 was thought to be a transition
zone between the two regions. Recent work has provided renewed insight into CA2, which is now
hypothesized to regulate information flow through the hippocampus by acting as a hub for
alternative circuits to the classical trisynaptic pathway (EC>DG>CA3>CAL) (Lehr et al., 2021)
(Figure 6). CA2 receives input from glutamatergic Schaffer collateral axons of CA3 PCs, layer I
of the medial and lateral EC, mossy fibers of DG granule cells, neuropeptidergic neurons in
paraventricular nucleus and supramammillary nucleus of the hypothalamus, cholinergic neurons
of the medial septum and diagonal band of Broca, serotonergic neurons of the median Raphe
nucleus, and dopaminergic neurons of the locus coeruleus and ventral tegmental area. CA2’s
major output is onto the basal dendrites of CAl stratum oriens, where deep layer CA1 PCs receive
input, in contrast to CA3 PCs that preferentially target the proximal dendrites of superficial CAl
PCs located in the stratum radiatum. Moreso, CA2 PCs form recurrent connections with itself,
inhibitory interneurons in CA2, and recurrent loops with area CA3 PCs, layer Il of the medial EC,
the lateral septum, and the supramammillary nucleus. Intriguingly, CA2 is unique relative to CA3
and the DG as it projects bilaterally (connecting hippocampi across hemispheres) and across the
transverse axis of the hippocampus, allowing for direct information flow from the memory-oriented
dorsal hippocampus to the emotion-oriented ventral hippocampus (Middleton and McHugh,
2020). Overall, the vast and recursive nature of CA2 connections allow the small, mostly
overlooked region to exact fine control of excitatory network activity within and outside the

hippocampus.
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Demonstrating their exceptional and unusual properties, CA2 PCs are wrapped in
perineuronal nets (PNNs) similar to parvalbumin interneurons (Carstens et al., 2016), surrounded
by a variety of inhibitory interneurons that provide dominant inhibition over the area (Botcher et
al., 2014; Piskorowski and Chevaleyre, 2013), have high intrinsic calcium buffering capacity
(Simons et al., 2009), contain an abundance of receptors that allow it to integrate a host of
neuromodulatory inputs (Lehr et al., 2021), and display a unique molecular profile with a high
expression of mMRNAs encoding unique intracellular regulators (e.g. RGS14) and
mitochondrial/metabolic enzymes (Dudek et al., 2016; Farris et al., 2019). All of these properties
are important for regulating CA2 PC function and plasticity, as manipulating them has been shown
to affect plasticity in CA2 (Lehr et al., 2021). Chemogenetic and optogenetic manipulation of CA2
activity has uncovered its importance in a number of hippocampal functions including encoding
and remapping of place fields (Alexander et al., 2016; Kay et al., 2016), the generation of
hippocampal sharp wave ripples (SPW-Rs) important for memory encoding and replay (Oliva et
al., 2016), and modulation of hippocampal oscillations associated with information flow into and
out of the hippocampus (Alexander et al., 2018). Moreso, CA2 has been shown to be necessary
for a growing number of behaviors including social memory (Hitti and Siegelbaum, 2014),
aggressive behavior (Leroy et al., 2018), and novelty detection of social stimuli (Donegan et al.,
2020), and its role in social behavior has spurred investigation into its function in disorders that
affect social function like autism spectrum disorders and schizophrenia (Donegan et al., 2020;

Modi et al., 2019).

One of the most fascinating aspects of CA2 PCs is its resistance to excitotoxic
degeneration after a number of excitotoxic insults, which is stark contrast to the PCs of CA3 and
CA1 that are more susceptible and degenerate following hippocampal injury (Hatanpaa et al.,
2014; Thom, 2014). This is a common phenomenon in TLE patients with hippocampal sclerosis

(Blumcke et al., 2013) and has been repeatedly demonstrated in a number of animal models of
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TLE (Curia et al., 2008; Levesque and Avoli, 2013). While this phenomenon has been observed
for several decades, the mechanisms by which CA2 is impervious to excitotoxic injury is currently
unknown but is thought to be related to the number of aforementioned mechanisms that also
contribute to its resistance to plasticity. Superior calcium extrusion in CA2 PCs may prevent the
triggering of cell death by excessive calcium influx, PNNs that enshroud the neurons may act as
a protective barrier, and the dominant inhibition provided by interneurons may prevent excessive
excitation that would trigger excitotoxicity (Dudek et al., 2016). There is also rationale for
neuroprotective molecules that are highly expressed in CA2 like the adenosine 1 receptor (A1R),
which is neuroprotective and antiseizure (Cunha, 2005), and striatal enriched protein tyrosine
phosphatase, which has been demonstrated to protect neurons against excitotoxicity (Goebel-
Goody et al.,, 2012). Although many of these mechanisms likely afford CA2’s resistance to

damage, no studies to date have evaluated which are important to the phenotype.

Instead, studies have investigated the ability of CA2 to regulate hippocampal excitability,
seizure generation, and promote epileptiform activity and TLE pathology. Several reports have
demonstrated CA2’s capacity for generating epileptiform activity. In resected tissue from TLE
patients, CA2 displayed interictal spikes associated with hypersynchronous firing of excitatory
PCs (Wittner et al., 2009). In vivo recordings during SE and spontaneous seizures following SE
in TLE models also show epileptiform activity in CA2, namely burst firing during SE and
hypersynchronous spiking during spontaneous seizure activity (Haussler et al., 2016). Even prior
to the development of spontaneous seizures, CA2 exerts control over hippocampal excitability by
influencing the inhibitory drive in the recurrent CA3 circuit. When chronically (but not acutely)
inhibited, CA2 loses inhibitory control over the circuit, resulting in hippocampal hyperexcitability,
the appearance of epileptiform activity in CA3 and CA1, and sensitivity to KA-induced seizures
(Boehringer et al., 2017). Likewise, acute inhibition had no effect on SE induction when PILO was

used (Whitebirch et al., 2022). In animal models of TLE, CA2 PCs, like the granule cells of the
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DG, disperse into CA3 and CA1l following SE (Haussler et al., 2016; Tulke et al., 2019).
Intriguingly, mossy fibers have been shown to sprout and synapse onto cell bodies of CA2 PCs
in animal models of TLE and resected tissue from TLE patients (Freiman et al., 2021; Haussler
et al., 2016; Tulke et al., 2019), suggesting that CA2 may receive enhanced excitatory input from
granule cells to propagate epileptiform activity. Promotion of mossy fiber plasticity in CA2 is
associated with increases in BDNF expression and epileptiform activity in the area in a mouse
model of TLE (Tulke et al., 2019). Given neighboring CA3 and CA1 often degenerate during TLE,
DG>CA2 connections may present a pathological, excitatory network that persists to route
information through the hippocampal network while also promoting seizure activity (Kilias et al.,
2022). Lastly, it was recently shown that after the development of spontaneous seizures, CA2
exhibited increased intrinsic excitability and reduced synaptic inhibition, leading to increased
excitatory output onto CA1 PCs and action potential firing in CA1. Moreso, inhibition of CA2 after
the development of spontaneous seizures reduced convulsive and nonconvulsive seizure
frequency without affecting seizure duration or severity (Whitebirch et al., 2022). Given the
powerful and expansive excitatory connections into CA2 and away from the region, it is
reasonable that CA2 may be central to seizure propagation as well as generation within the
hippocampus. However, what cell intrinsic factors that are responsible for CA2’s contribution to

seizure generation and TLE pathogenesis remain unknown.

In CA2 physiology, RGS14 reduces intrinsic CA2 PC excitability and suppresses synaptic
potentiation and structural plasticity at CA3-CA2 synapses (Evans et al., 2018b; Lee et al., 2010).
This is in stark contrast to CA3-CA1 synapses that robustly express plasticity. RGS14 suppresses
glutamate-induced calcium transients and modulates G protein, ERK, and calcium-dependent
signaling in CA2 PCs to limit plasticity at CA3-CA2 synapses (Evans et al., 2018b; Lee et al.,
2010). Increased excitatory input from CA3 and enhanced excitability in CA2 may therefore result

in a hyperactive CA2 in RGS14 KO mice, similar to what is observed in epileptic CA2 (Whitebirch
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et al., 2022). Interestingly, CA2 in both RGS14 KO mice and TLE mice exhibit significantly
enhanced input resistance and current-evoked action potential firing (Lee et al., 2010; Whitebirch
et al., 2022), which may contribute to a hyperexcitable CA2 and affect seizure generation.
Therefore, RGS14 could be an intrinsic component of CA2 PCs that is important for its ability to
modulate seizure activity in the hippocampus, where RGS14 KO may enhance the generation or
propagation of seizure activity by affecting intrinsic signaling and physiological properties of CA2

PCs, although this hypothesis has yet to be tested.

Another recent and intriguing finding regarding RGS14 KO mice is the enhanced
metabolic capacity of these mice due to novel effects by RGS14 on mitochondrial bioenergetics
and function in brown adipocytes. Enhancement of metabolism in this tissue is associated with
enhanced exercise capacity and longevity, suggesting RGS14 has a major effect on physiology
via its effects on mitochondrial metabolism (Vatner et al., 2023; Vatner et al., 2018).
Coincidentally, CA2 PCs also have an enhanced metabolic profile and are enriched with
mitochondrial and metabolic mMRNA transcripts relative to CA1 and CA3 (Farris et al., 2019),
implicating a common role for RGS14 in mitochondrial metabolism in both cell types. Although
RGS14 is highly expressed in area CA2, its effects on mitochondrial function and metabolism in
CA2 under physiological or pathological conditions has not been explore despite the high
energetic demand on mitochondria in both neurons and brown adipocytes (Attwell and Laughlin,

2001; Magistretti and Allaman, 2015; Shinde et al., 2021).

Lastly, in neurons of the CNS, RGS14 has been exclusively studied during physiological
context (i.e., learning and memory), while its contribution to pathology remains unknown. In the
periphery, however, RGS14 has been shown to be protective against injury, where its expression
is modulated by cardiac injury in cardiomyocytes and ischemic-reperfusion injury in hepatocytes.
When RGS14 is ablated in these cells, cell death and inflammation are worsened, while RGS14

overexpression attenuates this pathology, providing rationale for a protective role for RGS14 (Li
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et al., 2016; Zhang et al., 2022). Despite these recent studies, the protective capacity of RGS14
and its levels of expression following brain insult have not been evaluated. In fact, RGS14 is highly
and specifically expressed in CA2 PCs, which are highly resistant to injury and degeneration
caused by injury (Hatanpaa et al., 2014). Therefore, there exists a strong possibility that RGS14
is an essential protective component of CA2 PCs and may influence other pathology (e.g.,
oxidative stress, glial activation) following insult (i.e., SE). While intriguing and ripe for study, this

hypothesis remains unevaluated.

1.10. Research focus of the dissertation project

Because RGS14 is important for CA2 function in the brain and is protective against injury
in the periphery, CA2 modulates seizure activity, and PCs of CA2 are resistant to injury, it stands
to reason that RGS14 may be protective in CA2 and/or modulate the activity of CA2 upon
hippocampal insult and thereby influencing seizure activity. Therefore, we proposed that RGS14
in CA2 PCs may be protective and/or modulate CA2 activity during seizure by influencing CA2
excitability and/or intracellular signaling, which may have effects on seizure sensitivity and typical
TLE pathology caused by SE. To test this hypothesis, we used kainic acid induction of status
epilepticus (KA-SE) to induce seizure activity, excitotoxic injury, and hippocampal pathology in
WT and RGS14 KO mice to see if loss of RGS14 sensitized mice to the effects of KA-SE (Figure
8). Additionally, we sought to determine how RGS14 may be affording this protection. Here, we
report that RGS14 protein is upregulated in hippocampus following KA-SE induction, and that loss
of RGS14 accelerated the onset of behavioral seizures and mortality during seizure. Using
proteomic approaches, we determined changes in the hippocampal proteome in RGS14 KO
animals, and identified altered metabolic/mitochondrial protein expression in RGS14 KO mice

after seizure activity.
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Figure 8. The kainic acid model of status epilepticus induction (KA-SE) used to evaluate
the effects of RGS14 on hippocampal seizure activity and pathology. Kainic acid (KA) was
administered (intraperitoneal) to WT and RGS14 KO mice to initiate seizure activity in the
hippocampus. Mice were monitored for SE induction (>Stage 3 convulsive seizures) and mortality
for 90 minutes following KA administration, and seizures were terminated following the 90 minute
period. Of the surviving mice, hippocampi were dissected to evaluate RGS14 protein expression
in WT mice (1, 3, or 7 days after KA-SE) and differences in the hippocampal proteome
(proteomics) between WT and RGS14 KO mice, and fixed hippocampal sections were obtained
to determine spatial RGS14 expression patterns within the hippocampus in WT mice and
pathological hallmarks (oxidative stress, neuronal injury, and microgliosis) one day following KA-

SE in WT and RGS14 KO mice. Created in BioRender.
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Further investigation identified RGS14 localization to mitochondria in area CA2, and we provide
evidence that RGS14 suppresses mitochondrial oxygen consumption in vitro. Consistent with this
function, we show that mice lacking RGS14 exhibit enhanced hippocampal oxidative stress and
altered seizure-induced glia response but without affecting CA2’s resistance to injury in vivo
(Harbin et al., 2023). Together, the findings of this dissertation suggest that RGS14 serves a
previously unappreciated role in limiting behavioral seizure activity and hippocampal seizure

pathology.
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2. Materials and Methods

2.1. Animal Care

Male and female C57BL/6J wild-type (WT) and RGS14 KO mice ages 3-7 months were
used in this study. Animals in all experiments were housed under a 12 h/12 h light/dark cycle with
access to food and water ad libitum. All experimental procedures conformed to US NIH guidelines

and were approved by the animal care and use committees (IACUC) of Emory University.

2.2. Kainic acid-induction of status epilepticus and monitoring of status epilepticus

Seizure-induction protocols using KA were followed as described (Rojas et al., 2014). WT
and RGS14 KO mice were individually housed in clean mouse cages without access to food and
water 30 minutes prior to KA injection. KA (3 mg/mL) was prepared on the day of experimentation
by dissolving KA (Tocris, 0222) in a 0.9% bacteriostatic saline solution. Mice were injected
intraperitoneally (i.p.) with a single, 30 mg/kg dose of KA or 0.3 mL of saline (control). Inmediately
after injection, mice were monitored and scored for seizure behavior using a modified Racine
scale (Racine, 1972; Rojas et al., 2014) (Table 1). Each mouse was given a behavioral seizure
score from a scale of 0-6 every 5 minutes for 90 minutes. Mice were scored based off the most
severe seizure behavior that was observed during the 5-minute interval. When a mouse reached
mortality, they were given a score of 7, which was not included in the mean behavioral seizure
score and no further scores were given for those mice. Ninety minutes after injection, all mice
were injected intraperitoneally with 10 mg/kg diazepam to terminate seizure activity. After seizure
termination, mice remained singly housed, and food (dry and moistened) and water were returned

to the cage, and monitored for well-being.
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Table 1. Modified Racine scale to evaluate behavioral seizure progression in mice

0 Normal Behavior

walking, exploring, sniffing, grooming

1 Freeze Behavior

immobile, staring, rigged posture, hunched

2 Automatisms

head bobbing, face washing, whisker twitching, chewing, stargazing

3 Early Seizure Behavior

Myoclonic jerk, partial or whole body clonus

4 Moderate Seizure Behavior

rearing with bilateral forelimb clonus

5 Advanced Seizure Behavior

rearing and falling, loss of posture

6 Intense Seizure Behavior

tonic clonic seizure with running/bouncing

7 Death
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2.3. Hippocampal tissue collection

To collect hippocampal sections for histology, male and female mice were anesthetized
with sodium pentobarbital (Fatal Plus, 380 mg/kg, i.p.) and euthanized by transcardial perfusion
with 4% paraformaldehyde (PFA) in PBS one day after KA or saline injection or seven days after
KA injection. After decapitation, mouse brains were dissected and post-fixed in 4% PFA at 4°C
for 24 hours. After post-fix, brains were transferred to a 30% sucrose in PBS solution for 72 hours.
Mouse brains were embedded in optimal cutting temperature (OCT) medium (Fisher Healthcare,
23730571), and coronal sections of hippocampus were collected at a thickness of 40 um on a
cryostat. Hippocampal sections were stored in 0.02% sodium azide in PBS at 4°C until they were
evaluated for neuropathology. For proteomics and Western Immunoblot, mice were anesthetized
with isoflurane followed by rapid decapitation and dissection of whole hippocampi. Whole

hippocampi were snap frozen in liquid nitrogen and stored at -80°C until homogenization.

2.4. Western Immunoblotting

Frozen hippocampi were thawed on ice and homogenized in a modified RIPA buffer [150
mM NaCl, 50 mM Tris, 1 mM EDTA, 2 mM DTT, 5 mM MgCl;, 1X protease inhibitor (Roche,
A32955) 1X Halt phosphatase inhibitor (ThermoFisher, 78428)]. Cells were lysed in modified
RIPA buffer for 1 hour at 4°C, end-over-end. Lysates were cleared, and proteins were denatured
by boiling in Laemmli buffer for 5 minutes (stored at -20°C until immunoblotting). Samples were
resolved on 4-20% Mini-PROTEAN® TGX™ precast protein gels (BioRad, 4561094), and gels
were UV-activated for 45 seconds for total protein illumination (BioRad Stain-Free Technology)
(Gilda and Gomes, 2015). Samples were then transferred to nitrocellulose membranes, and total
protein was detected by activating membranes with ultraviolet light. Membranes were incubated
in blocking buffer (5% non-fat milk in TBS containing 0.1% Tween-20 and 0.02% sodium azide)
for 1 hour at room temperature. Membranes were incubated with anti-RGS14 (Neuromab, 75-

170; 1:500) diluted in blocking buffer at 4°C overnight. Membranes were washed thrice with TBS
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containing 0.1% Tween-20 followed by incubation with goat anti-mouse IgG HRP-conjugate
(Jackson ImmunoResearch, 115-035-003; 1:5000). Membranes were washed thrice with TBS
containing 0.1% Tween-20, and enhanced chemiluminescence was used to develop the blots.
Blots were imaged using a ChemiDoc MP Imager (BioRad). ImageLab (BioRad) software was
used for densitometry analysis of RGS14 bands, and quantified band density was normalized to
total protein content. Normalized RGS14 band densities are expressed relative to the mean of

the saline group.
2.5. Immunohistochemistry

To determine protein expression levels in tissue by immunohistochemistry (IHC), free
floating hippocampal sections from KA- and saline-treated WT and RGS14 KO mice were
subjected to antigen retrieval by boiling sections in 10 mM citrate buffer for 3 minutes and blocked
in 5% normal goat serum in 0.1% Triton-PBS (blocking solution) for 1 hour at room temperature.
Sections were incubated overnight at 4°C with primary antibody specific for RGS14 (Neuromab,
75-170, 1:500, WT sections only), IBA1 (Wako, 019-19741, 1:1000), GFAP (Synaptic Systems,
173-004, 1:1000), 3-nitrotyrosine (Abcam, ab61392, 1:500), or SOD2 (Proteintech, 24127-1-AP,
1:1000) diluted in blocking solution. Sections were washed thrice with PBS prior to incubation with
the appropriate fluorescent secondary. Goat anti-mouse Alexa Fluor Plus 488 (ThermoFisher,
A32723, 1:500), goat anti-rabbit Alexa Fluor 546 (ThermoFisher, A-11010, 1:500), or
NeuroTrace™ 660 Nissl (ThermoFisher, N21483, 1:500) were diluted in blocking solution, and
sections were blocked from light and incubated in secondary antibody solution for 2 hours at room
temperature. Sections were washed thrice with PBS and mounted onto SuperFrost Plus
microscope slides (Thermo Fisher Scientific). Once dried, sections were coverslipped with DAPI

Fluoromount G (Southern Biotech, 0100-20) and stored away from light at 4°C prior to imaging.
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2.6. Fluorescent Imaging and quantification of immunofluorescence

Fluorescent micrographs were collected from dorsal hippocampal sections using a Leica
DM6000B epifluorescent upright microscope at 5X, 10X, and 20X magnifications using the
appropriate wavelength filters. Images magnified at 20X were processed, analyzed, and
guantified using ImageJ software. For RGS14 and SOD2, standardized regions of interests were
drawn around each layer [stratum radiatum (SR), stratum pyramidale (SP), stratum oriens (SO)]
of each CA field (CAl, CA2, CA3) and the dentate gyrus (DG). For 3-nitrotyrosine and GFAP, a
standardized ROI was drawn around each CA field incorporating the three layers (SR, SP, SO).
Quantification for 3-nitrotyrosine and GFAP was performed this way because staining was
consistent throughout all layers for each stain, while immunofluorescence of RGS14 and SOD2
expression was noticeably different depending on the layer of analysis. For quantification of raw
immunofluorescence, background correction and intensity thresholding (Otsu method) were
performed consistently across all images for each ROI prior to quantifying raw

immunofluorescence.

2.7. Quantification of microglia cell counts and size

For the microglia marker ionized calcium binding adaptor molecule 1 (IBAl), a
standardized region of interest was drawn for each CA subfield incorporating the SR, SP, and SO
and the DG incorporating the hilus, granule cell layer, and molecular layer. Background
subtraction, intensity thresholding (Otsu method), and size and shape criteria for microglia (25-
1000 pum?, circularity 0.05-1) were applied consistently across all images for each ROI using
ImageJ software. Cell counts and area of IBA1 positive cells were quantified for each image.
Microglia density is expressed as the number of cells divided by the area of ROI, and average

size is expressed at the mean area of IBA1 positive cells.
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2.8. Tissue homogenization and digestion of proteomics

Each tissue sample was added to 250 puL of urea lysis buffer (8 M urea, 10 mM Tris, 100
mM NaH2PO4, pH 8.5, including 2.5 pL (100x stock) HALT(-EDTA) protease and phosphatase
inhibitor cocktail (Pierce)) in a 1.5 mL Rino tube (Next Advance) harboring stainless steel beads
(0.9-2 mm in diameter). Samples were homogenized twice for 5-minute intervals in the cold room
(4 °C). Protein homogenates were transferred to 1.5 mL Eppendorf tubes on ice and were
sonicated (Sonic Dismembrator, Fisher Scientific) thrice for 5 sec each with 5 sec intervals of rest
at 30% amplitude to disrupt nucleic acids and were subsequently centrifuged at 4° C. Protein
concentration was determined by the bicinchoninic acid (BCA) method, and samples were frozen
in aliquots at -80 °C. Protein homogenates (100 ug) were treated with 1 mM DTT at room
temperature for 30 min, followed by 5 mM iodoacetimide at room temperature for 30 min in the
dark. Protein samples were digested with 1:25 (w/w) lysyl endopeptidase (Wako) at room
temperature overnight. Next day, samples were diluted with 50 mM NH4HCO3 to a final
concentration of less than 2 M urea and were further digested overnight with 1:25 (w/w) trypsin
(Promega) at room temperature. The resulting peptides were desalted with HLB column (Waters)

and were dried under vacuum.

2.9. Liquid chromatography coupled to tandem spectrometry (LC-MS/MS)

The data acquisition by LC-MS/MS was adapted from a published procedure (Seyfried et
al., 2017). Derived peptides were resuspended in the loading buffer (0.1% trifluoroacetic acid,
TFA) and were separated on a Water's Charged Surface Hybrid (CSH) column (150 pum internal
diameter (ID) x 15 cm; particle size: 1.7 pm). The samples were run on an EVOSEP liquid
chromatography system using the 15 samples per day preset gradient (88 min) and were
monitored on a Q-Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer (ThermoFisher
Scientific). The mass spectrometer cycle was programmed to collect one full MS scan followed

by 20 data dependent MS/MS scans. The MS scans (400-1600 m/z range, 3 x 106 AGC target,
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100 ms maximum ion time) were collected at a resolution of 70,000 at m/z 200 in profile mode.
The HCD MS/MS spectra (1.6 m/z isolation width, 28% collision energy, 1 x 105 AGC target, 100
ms maximum ion time) were acquired at a resolution of 17,500 at m/z 200. Dynamic exclusion
was set to exclude previously sequenced precursor ions for 30 seconds. Precursor ions with +1,

and +7, +8 or higher charge states were excluded from sequencing.

2.10. Label-free quantification (LFQ) using MaxQuant

Label-free quantification analysis was adapted from a published procedure (Seyfried et
al.,, 2017). Spectra were searched using the search engine Andromeda, integrated into
MaxQuant, against mouse database (86,470 target sequences). Methionine oxidation (+15.9949
Da), asparagine and glutamine deamidation (+0.9840 Da), and protein N-terminal acetylation
(+42.0106 Da) were variable modifications (up to 5 allowed per peptide); cysteine was assigned
as a fixed carbamidomethyl modification (+57.0215 Da). Only fully tryptic peptides were
considered with up to 2 missed cleavages in the database search. A precursor mass tolerance of
+20 ppm was applied prior to mass accuracy calibration and +4.5 ppm after internal MaxQuant
calibration. Other search settings included a maximum peptide mass of 6,000 Da, a minimum
peptide length of 6 residues, 0.05 Da tolerance for orbitrap and 0.6 Da tolerance for ion trap
MS/MS scans. The false discovery rate (FDR) for peptide spectral matches, proteins, and site
decoy fraction were all set to 1 percent. Quantification settings were as follows: re-quantify with a
second peak finding attempt after protein identification has completed; match MS1 peaks between
runs; a 0.7 min retention time match window was used after an alignment function was found with
a 20-minute RT search space. Quantitation of proteins was performed using summed peptide
intensities given by MaxQuant. The quantitation method only considered razor plus unique

peptides for protein level quantitation.
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2.11. Differential expression analysis

LFQ normalized abundances summarized for protein level quantification based on
parsimoniously assembled razor plus unique peptides in MaxQuant were considered for statistical
comparisons between WT and RGS14 KO sample abundances after either SAL or KA. Prior to
statistical comparison, network connectivity was used to identify and remove sample outliers,
which were defined as samples of 3 or more standard deviations away from the mean. In addition,
only proteins with quantitation in more than 50% of the samples were included and log2
transformed. Significantly differentially proteins between groups were defined used one-way
ANOVA with Tukey’s comparison post hoc test. Differential expression displayed as volcano plots

were generated using the ggplot2 package.

2.12. Weighted gene correlation network analysis (WGCNA)

The Weighted Gene Correlation Network Analysis (WGCNA, version 1.69) algorithm was
used to generate co-expression modules from the mouse brain proteome as previously described
(Johnson et al., 2020). The WGCNA::blockwiseModules function was run with soft threshold
power at 9.5, deepsplit of 2, minimum module size of 30, merge cut height at 0.07, mean
topological overlap matrix (TOM) denominator, using bicor correlation, signed network type,
pamStage and pamRespectsDendro parameters both set to TRUE and a reassignment threshold
of 0.05. This function calculates pair-wise biweight mid-correlations (bicor) between protein pairs.
The resulting correlation matrix is then transformed into a signed adjacency matrix which is used
to calculate a topological overlap matrix (TOM), representing expression similarity across samples
for all proteins in the network. This approach uses hierarchical clustering analysis as 1 minus
TOM and dynamic tree cutting lends to module identification. Following construction, module
eigenprotein (ME) values were defined — representative abundance values for a module that also
explain modular protein covariance. Pearson correlation between proteins and MEs was used as

a module membership measure, defined as KME.
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2.13. Gene ontology (GO) and cell type marker enrichment analyses

Gene ontology (GO), Wikipathway, Reactome and molecular signatures database
(MSigDB) term enrichment in our gene sets of mouse network module members and significantly
differentially changed protein subsets was determined by gene set enrichment analysis (GSEA)

using an in-house developed R script (https://github.com/edammer/GOparallel). Briefly, this script

performs one tailed Fisher’s exact tests (FET) enabled by functions of the R piano package for

ontology enrichment analysis on gene sets downloaded from http://baderlab.org/GeneSets, which

is maintained and updated monthly to pull in current gene sets from more than 10 different
database sources including those mentioned above (Reimand et al., 2019; Varemo et al., 2013).
Redundant core GO terms were pruned in the GOparallel function using the minimal_set function

of the ontologyIndex R package (Greene et al., 2017).

Cell type enrichment was also investigated as previously published (Johnson et al., 2022;
McKenzie et al., 2017; Seyfried et al., 2017). An in-house marker list combined previously
published cell type marker lists from Sharma et al. (Sharma et al., 2015) and Zhang et al. (Zhang
et al., 2014) were used for the cell type marker enrichment analysis for each of the five cell types
assessed (neuron, astrocyte, microglia, oligodendrocyte and endothelial). If, after the lists from
Sharma et al. and Zhang et al. were merged, gene symbol was assigned to two cell types, we
defaulted to the cell type defined by the Zhang et al. list such that each gene symbol was affiliated
with only one cell type. Fisher's exact tests were performed using the cell type marker lists to

determine cell type enrichment and were corrected by the Benjamini-Hochberg procedure.
2.14. Additional statistical analyses for proteomics

All proteomic statistical analyses were performed in R (version 4.0.3). Box plots represent
the median and 25" and 75" percentile extremes; thus the hinges of a box represent the

interquartile range of the two middle quartiles of data within a group. Error bars extents are defined
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by the farthest data points up to 1.5 times the interquartile range away from the box hinges.
Correlations were performed using biweight midcorrelation function from the WGCNA package.

Module membership graphs were created using the iGraph R package (v1.2.6).

2.15. Immunogold electron microscopy

Mouse brain tissue sections from wild type animals containing the dorsal hippocampus
were processed for a pre-embedding immunogold procedure to characterize subcellular RGS14
expression in area CA2 as previously performed (Squires et al., 2018a). The sections were pre-
incubated in a 1% sodium borohydride/PBS solution for 20 min and washed in PBS. Sections
were then put in a cryoprotectant solution for 20 minutes before being frozen at -20°C. Sections
were then thawed and returned to a graded series of cryoprotectant and PBS. This was followed
by an incubation in 5% milk diluted in PBS for 30 min and then and overnight incubation at room
temperature in primary RGS14 antibody solution consisting of RGS14 antibody (rabbit pAb —
Protein Tech, 16258-1-AP; 1:4000 dilution) and 1% dry milk in TBS-gelatin buffer (0.02 M, 0.1%
gelatin, pH 7.6). After this incubation, sections were rinsed in TBS-gelatin and incubated for 2
hours with secondary goat anti-rabbit Fab fragments conjugated to 1.4-nm gold patrticles (1:100;
Nanoprobes, Yaphank, NY) and 1% dry milk in TBS-gelatin to limit cross-reactivity of the
secondary antibody. To optimize RGS14 visualization, sections underwent incubation for
approximately 10 min in the dark with a HQ Silver Kit (Nanoprobes) to increase gold particle sizes
to 30-50 nm through silver intensification. The sections were then rinsed in phosphate buffer (0.1
M, pH 7.4) and treated with 0.5% osmium for 10 min and 1% uranyl acetate in 70% ethanol for
10 min, followed by dehydration with increasing ethanol concentrations. They were then placed
in propylene oxide, embedded in epoxy resin (Durcupan ACM, Fluka, Buchs, Switzerland) for at
least 12 hours, and baked in a 60 °C oven for 48 hours. As controls, sections were incubated in
a solution devoid of the RGS14 antibody but containing the secondary antibody and the rest of

the immunostaining protocol remained the same as above.
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2.16. Measurement of Mitochondrial Respiration using Seahorse XF Cell Mitochondrial Stress

Test in HEK293T cells

The measurement of mitochondrial respiration was performed as previously described
with modifications (Morris et al., 2021). Briefly, HEK293T cells were cultured in Dulbecco’s
essential medium (DMEM; Gibco, 11-995-040) supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin and incubated at 37°C, 5% CO. until the time of seeding or passaging.
Cells were maintained by passaging every 2-3 days when cells reached 70-80% confluency.
Mitochondrial respiration was evaluated using a XFe96 Extracellular Flux Analyzer (Agilent
Seahorse Bioscience Inc., Billerica, MA) and Seahorse CF Cell Mito Stress Test Kit (Agilent,
103015-100) according to manufacturer’s instructions. Briefly, cells were seeded into a Seahorse
XFe96 microplate (Agilent, 103794-100) at 15,000 cells/well and incubated for 24 hr at 37°C, 5%
CO;. FLAG-RGS14 or pcDNA3.1 (negative control) plasmids (Shu et al., 2007) were transiently
transfected using transfection medium DMEM supplemented with 5% FBS and 1%
penicillin/streptomycin and polyethyleneimine (PEI) as the transfection reagent. Cells were then
incubated for 24 hr at 37°C, 5% CO; to ensure adequate expression of both constructs. After
transfection, cells were switched to Seahorse XF Base Medium supplemented with 1mM L-
glutamine, 5.5 mM D-glucose, and 2 mM sodium pyruvate (pH of 7.4) and equilibrated in this
medium for 30 minutes. Oxygen consumption rate (OCR) was measured prior to and after
sequential treatment with 1 pM oligomycin (mitochondrial complex V inhibitor), 0.5 puM
carbonilcyanide p-trifluoromethoxyphenylhydrazone (FCCP) (ATP synthase inhibitor and proton
uncoupler), and 0.5 pM rotenone/antimycin A (Complex I/lll inhibitor). Basal respiration,
mitochondrial ATP-linked respiration, maximal respiration, proton leak, spare respiratory capacity,
and non-mitochondrial linked respiration were determined using the XF Wave 2.1 software. Cell
lysates were collected in lysis buffer, and Pierce BCA assay was used to determine protein

concentration. OCR values were normalized to HEK293T protein concentration in the same
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sample and were expressed as mean * SEM. Western immunoblotting to confirm protein
expression was performed as stated above using anti-FLAG HRP-conjugated antibody (Sigma

Aldrich, A8592; 1:15,000) to verify transfection and expression of FLAG-RGS14.

2.17. FluoroJade B (FJB) tissue staining

To assess for neurodegeneration one day after KA-SE, FluoroJade B (FJB) (Histochem,
#1FJB, Jefferson, AR) was used to label and quantify degenerating neurons (Schmued et al.,
1997) according to manufacturer’s instructions with modifications (Rojas et al., 2014). Briefly,
hippocampal sections were mounted and dried on SuperFrost Plus microscope slides. Once
dried, sections were sequentially immersed with 80% EtOH, 70% EtOH, and ddH,O for 2 minutes
each. Sections were incubated with 0.06% KMnO, (dissolved in ddH»0O) for 10 minutes and rinsed
twice with ddH:O for 2 minutes each to remove all traces of KMnO4. Sections were incubated in
a 0.0004% solution of Fluoro-Jade B for 30 minutes covered from light. Sections were then rinsed
thrice with ddH>O for 1 minute each and air dried for 24 hours while covered from light. Sections
were cleared with xylenes for 5 minutes and coverslipped with DPX (Electron Microscopy
Sciences, Hatfield, PA) mounting medium. FJB labeled neurons were visualized and imaged
using a Leica DM6000B epifluorescent upright microscope with filters for fluorescein or FITC at
10X and 20X magnifications. For each animal, 20X representative images were collected from
dorsal hippocampal CA fields, and 10X representative images were collected from the
entorhinal/perirhinal cortex, lateral amygdala, and dorsomedial thalamus. For quantification of
CA3 neuronal injury, 20X CA3 images were collected unilaterally from 3 sections (per animal) that
were observed to have the highest number of FJB+ cells in CA3. FJB+ cells in the stratum
pyramidale (SP) layer were counted by a blinded observer throughout the entire CA3 region for
those 3 sections using DotDotGoose (Ersts, American Museum of Natural History, Center of
Biodiversity and Conservation, version 1.5.3). For CA3 quantification, cell counts are represented

as the mean number of FIB+ cells across the 3 sections for each animal.
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2.18. Statistical analysis

All statistical analysis other than that done for proteomics was performed in GraphPad
Prism (version 9.3.1). Data were subjected to Grubb’s outlier analysis prior to statistical
comparisons. For behavioral seizure experiments, Gehan-Breslow-Wilcoxon test was used to
determine differences between survival curves, and Fisher’'s exact test was used to determine
contingency of genotype on binned mortality and overall mortality. Multiple t-tests were used to
compare mean behavioral seizure score at each time point during the 90 minute behavioral
seizure period, and unpaired Student’s t-test was used to compare mean latency to Stage 3
seizure activity between genotypes. Two-way ANOVA with Sidak post-hoc comparison was used
to assess effects of genotype and sex on latency to mortality and Stage 3 seizure activity. One-
way ANOVA with Dunnett’s post-hoc comparisons was used to compare mean RGS14
expression (band density from immunoblot) in hippocampal lysates, and unpaired Student’s t-
tests were used to compare mean RGS14 immunofluorescence between SAL and 1d KA
treatments. Unpaired Students t-tests were used to compare OCR means between control and
RGS14 overexpression groups, SOD2 mean immunofluorescence in CAl, GFAP- and IBA1-
related parameters at 7 day KA timepoints, and mean number of FIB+ neurons in CA3 between
WT and RGS14 KO mice after KA-SE. For comparison 3-NT and SOD2 mean
immunofluorescence and IBA1+ microglia cell density and mean area at 1 day KA timepoints,

two-way ANOVA with Tukey’s or Sidak’s post-hoc analysis was used.
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3. Results

3.1. Loss of RGS14 increases susceptibility to KA-induced seizures by expediting entry into SE

and mortality (Harbin et al., 2023)

To test seizure susceptibility in RGS14 KO mice, we administered a single dose of 30
mg/kg KA by intraperitoneal (i.p.) injection into WT (n = 39 total; 26 males, 13 females) and RGS14
KO mice (n = 41 total; 25 males, 16 females) to induce status epilepticus (KA-SE) as previously
described (Rojas et al., 2014). We monitored survival during seizure activity, progression of
behavioral seizure severity, and latency to seizure staging for 90 minutes following KA
administration. Behavioral seizure score (0-6) was measured every 5 minutes for 90 minutes
using a modified Racine scale (see Materials and Methods and Table 1) until termination of
seizure with diazepam (10 mg/kg, i.p.). Status epilepticus was defined as 30 minutes or more of

continuous Stage 3 or higher seizure activity.

After KA administration, we observed that all mice regardless of genotype either entered
SE (30 min or longer of > Stage 3 behavioral seizure activity) or died at higher stage seizures
(data not shown). Comparison of survival curves between WT and RGS14 KO mice demonstrated
that RGS14 KO mice died significantly quicker than WT mice (Fig. 9A), and the mean latency to
mortality was significantly reduced (12.6 minutes faster) in the RGS14 KO mice (Fig. 9B). At the
30-minute time interval, nearly half of RGS14 KO mice (49%, 19 of 41) reached mortality, while
less than one-quarter of WT mice (23%, 6 of 39) reached mortality at the same interval (Fig. 9A).
Of the mice that reached mortality, significantly more RGS14 KO mice (76%, 19 of 24) died in the
first 30 minutes after KA administration compared to WT mice (33%, 6 of 18) (Fig. 9C).
Surprisingly, there was no significant difference between the overall mortality rate between WT
mice (46%, 18 of 39) and RGS14 KO mice (59%, 24 of 41) after the 90-minute seizure period

(Fig. 9D).
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Figure 9. Loss of RGS14 increases susceptibility to KA-induced seizure by expediting
mortality and entry into SE. (Harbin et al., 2023) (A) Survival curve comparing the percentage
of alive animals between WT (n = 39) and RGS14 KO (n = 41) mice after 30 mg/kg KA injection
shows RGS14 KO mice die quicker than WT mice following KA (KO/WT Hazard Ratio = 1.770,
Mantel-Haenszel) (B) Mean latency to mortality in WT and RGS14 KO mice following KA injection
(WT, 36.39 + 3.52 min; RGS14 KO, 23.75 £ 1.63 min). (C) The number of animals that died in the
first 30 minutes (Early Death; WT, n = 6; RGS14 KO, n = 19) or last 60 minutes (Late Death; WT,
n =12; RGS14 KO, n = 5) of the 90-minute seizure period. (D) The number of animals that were
alive (WT, n=21; RGS14 KO, n = 17) or dead (WT, n = 18; RGS14 KO, n = 24 dead) at the end
of the 90-minute seizure period. (E) The mean behavioral seizure score plotted over time in WT
(n = 39) and RGS14 KO (n = 41) mice. Seizure stage was scored every 5 minutes until seizure
termination 90 minutes after KA injection. (F) The mean latency of animals to reach Stage 3

behavioral seizure activity after KA injection (WT, 16.41 + 1.07 min; RGS14 KO, 13.54 + 0.68
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min). Statistical analysis: (A) Gehan-Breslow-Wilcoxon test to compare survival curves (*p <
0.05). (B, F) Unpaired t-test to compare latency to mortality (B; WT vs RGS14 KO, **p < 0.01)
and Stage 3 seizure (F; WT vs RGS14 KO, *p < 0.05) (C, D) Fisher's exact test to assess for
contingency of genotype on binned morality (C, *p < 0.05) or overall mortality (D, p > 0.05). (E)
Multiple t-tests were used to compare between genotypes at each time point (p > 0.05 for all time
points). Error bars represent standard error of the mean (SEM). WT, wild-type; KA, kainic acid;

SE, status epilepticus. (1.5 column)
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Initial analysis of behavioral seizure scores demonstrated that WT and RGS14 KO mice
progress similarly through behavioral seizure staging following KA (Fig. 9E). When latency to
Stage 3 (i.e. SE) was compared between genotypes, we found RGS14 KO mice reached Stage
3 slightly but significantly quicker than WT mice (2.9 minutes faster) (Fig. 9F). Because seizure
susceptibility can differ between males and females, we assessed the contribution of sex to the
seizure phenotype (Fig. 10). We found only a main effect of genotype on the latency to mortality
(Fig. 10A) and SE (Fig. 10B), where RGS14 KO had reduced latency to mortality in both males
(12.1 minutes faster) and females (13.5 minutes faster). These data suggest that RGS14 limits
the behavioral seizure response to KA, where loss of RGS14 expedites entry into SE and mortality

following KA without affecting overall mortality.

3.2. RGS14 protein expression is upregulated following status epilepticus (Harbin et al., 2023)

Several studies have demonstrated that RGS14 expression is significantly altered in
animal and cellular models of cardiac hypertrophy and hepatic ischemic-reperfusion injury (Li et
al., 2016; Zhang et al., 2022), and that the expression of other RGS proteins is regulated by
seizure activity (Gold et al., 1997). Therefore, we sought to determine whether RGS14 expression
is altered following KA-SE (Fig. 11). One, three, or seven days after KA-SE, whole hippocampi
were collected from WT mice for protein analysis, and Western blot was used to detect RGS14
expression in whole hippocampal lysate (Fig. 11A). Relative to saline-treated hippocampal tissue,
there was a striking and significant upregulation of RGS14 protein following KA-SE. (Fig. 11B).
Peaking one day after KA-SE, RGS14 expression is significantly induced more than 5-fold
compared to saline (Fig. 11B). RGS14 expression remained high relative to saline three days
after KA-SE (3.65 fold induction), but returned to near baseline levels 7 days after KA-SE (Fig.
11B). These findings suggest that RGS14 induction in the hippocampus is regulated by seizure

activity and may play an important role in injury response following KA-SE.
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Figure 10. Behavioral sensitivity to KA-SE in RGS14 KO miceis not affected by sex. (Harbin
et al., 2023) (A) Mean latency to mortality in male and female WT and RGS14 KO mice (males:
WT, 33.75 + 4.00 min; RGS14 KO, 21.67 + 1.28 min) (females: WT, 39.29 + 6.31 min; RGS14
KO, 25.83 + 2.94 min). (B) Mean latency to Stage 3 behavioral seizure activity in male and female
WT and RGS14 KO mice. Statistical analysis: (A, B) Two-ANOVA with Sidak post-hoc
comparisons was used to compare mean latency to mortality (A; two-way ANOVA, F = 12.60 for
genotype, **p < 0.01; Sidak, WT vs RGS14 KO, *p < 0.05) and Stage 3 seizure activity (two-way

ANOVA, F = 6.71 for genotype, *p<0.05). Error bars represent the SEM.
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Figure 11. Hippocampal RGS14 protein expression is upregulated following KA-SE.
(Harbin et al., 2023) (A) Representative Western blot showing RGS14 protein expression (top)
relative to total protein (bottom) in WT hippocampal lysate 1 day after saline (n =5) or 1 (n = 4),
3 (n=4)or 7 (n=5) days after KA-SE. Dashed box in total protein blot represents strip used for
RGS14 immunoblot. (B) Quantification of mean RGS14 protein band density normalized to total
protein density (saline, 1.00 + 0.06; 1d KA, 5.24 £+ 0.62; 3d KA, 3.65 + 0.56; 7d KA, 2.40 + 0.39)
(C, D) Representative IHC images of RGS14 expression in the dorsal hippocampus of WT mice
1 day after saline (C) or KA-SE (D). Dashed lines divide the CA1, CA2, and CA3 subregions of
the hippocampus. Scale bar, 100 um. (E) Representative IHC image of area CA2 1 day after
saline or KA-SE. (F) Representative IHC image of area CA1 1 day after saline or KA-SE. Dashed
boxes illustrate regions of quantification for pyramidal cell layers (SR, SP, SO) in area CA2 (E)
and CA1 (F). Scale bar, 20 um. (G) Mean RGS14 immunofluorescence (n=4 per treatment) in
saline- and KA-treated CA2 SR (saline, 1.00 £ 0.49; 1d KA, 14.52 + 4.52), SP (saline, 1.00 + 0.54;

1d KA, 13.69 + 4.63), and SO (saline, 1.00 £ 0.47; 1d KA, 10.62 = 2.53). (H) Mean RGS14
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immunofluorescence (n=4 per treatment) in saline- and KA-treated CA1 SR (saline, 1.00 + 0.19;
1d KA, 18.51 + 4.91), SP (saline, 1.00 £ 0.22; 1d KA, 7.61 + 1.99), and SO (saline, 1.00 £ 0.19;
1d KA, 12.26 + 2.54). Statistical Analysis: (B) One-way ANOVA with Dunnett post-hoc
comparisons to compare mean RGS14 band density (one-way ANOVA, F = 17.65 for treatment,
****n < 0.0001; Dunnet’s, 1d KA vs SAL, p < 0.0001; 3d KA vs SAL, p <0.01; 7d KAvs SAL, p >
0.05). (G, H) Unpaired t-tests to compare mean RGS14 immunofluorescence in CA2 (SAL vs 1d
KA: SR, SP, *p < 0.05; SO, **p < 0.01) and CA1 (SAL vs 1d KA: SR, SP, *p < 0.05; SO, **p <
0.01). p > 0.05 is considered not significant (ns). Error bars represent the SEM. IHC,

immunohistochemistry; SR, stratum radiatum; SP, stratum pyramidale; SO, stratum oriens.
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To determine where in the hippocampus RGS14 expression is being induced, IHC was
performed on dorsal hippocampal sections collected from WT mice one day after KA-SE or saline
(SAL) (Fig. 11C-H). In saline-treated WT mice (Fig. 11C), RGS14 expression was maostly
restricted to the cell bodies (stratum pyramidale, SP) and dendrites (stratum radiatum, SR, and
stratum oriens, SO) of area CA2 PCs (Fig. 11E). Additionally in saline-treated animals, we
observed modest RGS14 expression in the SO of CAl, where CA2 axons project to CAl
pyramidal cell (Fig. 11F). One day following KA-SE (Fig. 11D), we detected a robust and
significant upregulation of RGS14 in PCs throughout each layer of CA2 (fold induction relative to
saline: 14.5 in SR; 13.7 in SP; 10.6 in SO) (Fig. 11E, G). Similarly, we observed significant
upregulation of RGS14 expression in area CA1 one day after KA-SE, strikingly in the SR where
proximal dendrites of CA1 receive projections mostly from CA3 (fold induction relative to saline:
18.5in SR, 7.6 in SP, 12.3 in SO) (Fig. 11F, H). However, it should be noted that the upregulated
RGS14 expression in CA1 was still considerably lower relative to CA2, and its expression in CAl
was still more prominent in the SO, where CA2 axons terminate, relative to cell bodies in the SP

or proximal dendrites in the SR.

Together, this demonstrates that RGS14 expression is robustly induced by KA-SE within
hippocampal areas CA2 and CAL (Fig. 11E, F), which likely reflects RGS14 upregulation in CA2
PC dendrites (CA2 SR, SO), cell bodies (CA2 SP), and axons (CAl SO) (Fig. 11G) as well as
CA1 PC dendrites (CA1 SR, SO) and cell bodies (CA1 SP) (Fig. 11H). Importantly, this is the first
evidence demonstrating that RGS14 expression is activity-dependent in the hippocampus,

suggesting that RGS14 may serve a protective role in this brain region following seizure.
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3.3. Metabolic and mitochondrial proteins are differentially expressed between WT and RGS14

KO mice 1 day after KA-SE (Harbin et al., 2023)

To better understand how RGS14 may be influencing seizure activity in the hippocampus
and the effects of losing RGS14 induction following seizure activity, we performed a proteomics
analysis on hippocampal tissue taken from WT and RGS14 KO mice 1 day after saline or KA-SE
treatment (n=5 per genotype and treatment). Whole hippocampi were homogenized, digested,
and subjected to LC-MS/MS, and label-free quantitation (LFQ) was used to obtain relative protein
abundance in each sample. Protein abundance was compared within treatment (SAL or KA),
between genotype (WT vs RGS14 KO) to identify differentially expressed proteins (DEPS) in
RGS14 KO hippocampi (Fig. 12A, B). From these analyses, 45 proteins in the SAL treatment and
49 proteins in the KA treatment were found to be significantly up or downregulated between WT
and RGS14 KO groups (adjusted p < 0.05), where 9 proteins were differentially expressed after
both saline and KA treatments (Fig. 12C). These proteins are visualized in a volcano plot as either
downregulated (left side) or upregulated (right side) in RGS14 KO hippocampi relative to WT

hippocampi (Fig. 12A) (comprehensive table of DEPs listed in Table 2).

Gene ontology (GO) analysis was performed on up- and downregulated DEPs in SAL-
treated mice identify common cellular pathways and processes associated with the DEPs that
may influence sensitivity to KA (Fig. 12D). GO terms related to G-protein processes like “G-protein
beta subunit binding”, “G-protein Alpha Subunit Binding”, “Gtpase Activating Protein Binding”, and
“Morphogenesis” were associated with proteins downregulated in RGS14 KO (Fig. 12D, left),
which is unsurprising as we and others have shown the capacity of RGS14 to tightly regulate

GPCR and G-protein activation (Harbin et al., 2021) and dendritic spine morphology (Evans et

al., 2018b).
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Figure 12. Differential expression analysis of the hippocampal proteome reveals altered
mitochondrial and metabolic protein expression in RGS14 KO versus WT mice. (Harbin et

al., 2023) (A) Volcano plot showing differentially expressed proteins (DEPs) one day after SAL
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(yellow) or KA-SE (red) treatment in RGS14 KO hippocampus relative to WT plotted by their -
logio(p-value) and log. fold change (KO/WT). Proteins were considered significantly
downregulated if the adjusted p-value < 0.05, log; fold change (KO/WT) < 0 and significantly
upregulated if the adjusted p-value < 0.05, log, fold change (KO/WT) > 0 (n = 5 per
genotype/condition). Labeled dots represent DEPs involved with cellular metabolism and localize
to the mitochondria. (B) Diagram illustrating between-genotype, within-treatment comparisons
used to determine DEPs. (C) Venn diagram showing the number of upregulated or downregulated
proteins in RGS14 KO relative to WT after SAL or KA-SE and DEPs common to both treatment
groups. (D-E) Gene ontology analysis demonstrates similar biological function and processes of
DEPs that are either downregulated (DOWN) or upregulated (UP) in RGS14 KO hippocampi one
day after SAL (D) or KA-SE (E). Red arrows indicate ontologies of interest that may influence

seizure susceptibility (D) or mitochondrial metabolism and oxidative stress (E).
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A SAL
Upregulated in KO Downregulated in KO
Adj] Log2 FC Adj| Log2 F(]
Protein | p-valuel (KO/WT)| [Protein | p-value| (KO/WT)
Ehbp1 0.00342 1.848| [Rgs14 0.0000 -4.239)
Ppfiad 0.00146 0.707| [Tpm1 0.04297]  -1.405
Them6 0.01911 0.537| Ispag7 0.00010] -1.054
Ocrl 0.01824 0.518 |Gfer 0.00540]  -0.907]
IAbcb1a 0.00534 0.381 Uqu’11 0.01041 -0.899
Sh3kbp1 | 0.02090 0.290| |y i 002050  -0779
Atp5fic | 0.03784 0.167| |,
Pigu 0.03585]  -0.626
Fto 0.01307  -0.597]
Syt11 0.04393]  -0.591
Naa15 0.01176]  -0.579
Trappc8 | 0.02520] -0.537]
Naaa 0.02662] -0.521
Ggact 0.04601]  -0.517]
Psap 0.03392]  -0.501
Srrm2 0.03583]  -0.496
Ndrg4 0.04098] -0.483
Rab%a 0.03169  -0.472
AtpSmd | 0.04234]  -0.448]
Tiprl 0.00271]  -0.420
Ddost 0.01995  -0.418
Scgb 0.03750]  -0.401
Edcd 0.03111]  -0.395
Erlin2 0.00245]  -0.323
Akt1 0.01005]  -0.322
Agfg2 0.01151]  -0.319
Scnib 0.04604]  -0.310
Dynll1 0.04879]  -0.277]
Alcam 0.04788]  -0.263
Ggt7 0.04351]  -0.252
G6pdx 0.02414]  -0.245
Slcdad 0.04152]  -0.190)
Ndufv1 0.03694]  -0.151
Gnas 0.02256]  -0.139
Ccts 0.04734]  -0.127]
Actn1 0.01044]  -0.097]
Fasn 0.01851  -0.087

B KA
Upregulated in KO Downregulated in KO
Adj|Log2 FC Adj]Log2 FC
Protein p-value| (KO/WT)| |Protein p-value| (KO/WT)
Apob 0.03976]  1.116] |Rgs14 0.00005 -4.070
Ehbp1 0.01315  0.930| [Sf3b1 0.03869] -0.904
Txndc12 | 001455  0.825 |Gfer 0.03674] -0.851
Bekdhb | 0.04040]  0.796] [Fto 0.00107] -0.808
Mist8 0.01556| 0.731] |Hnrnph3 0.03684] -0.690
Ppfiad 0.01394]  0.538| |Srgap2 0.04268] -0.654
Arsb 0.00106|  0.488| |Prrc2c 0.01850 -0.647
Cygb 0.03770|  0.477| |Gabbr1 0.04053] -0.637
Tmed7 0.02162| 0.477| IEImo1 0_01755] -0.627
Trappc8 | 0.04369  0.452 |sixs 0.02297] -0.551
Digap2 | 0.03178  0.419) |Hagh 000063 -0517]
IAcat2 0.02662]  0.385( |cocdac | 0.03492] -0.508
Sod2 0.02007]  0.329 Trappc13| 0.01821] -0.494
ISort1 0.0302?1 0.303 IAnxa3 0.03948' -0.483
ISsr1 0.01621] 0293 |cacnate | 0.01062 -0472
Eno1 0.03296  0.090) Ptgr2 0.01220]  -0.460
Rgs7bp | 0.00155] -0.459
Ubr4 0.01557] -0.451
Bola2 0.04830] -0.414
Dgke 0.04097] -0.398
Esd 0.03030] -0.368
Mpp3 0.01045] -0.311
Acaatla | 002432 -0.306
Asah1 0.02940] -0.303
Npc1 0.01759] -0.297
Psmc6 0.01991] -0.292
Tiprl 0.04249] -0.282
Ncam 0.04696] -0.282
Sh3kbp1 | 0.03674] -0.265
Hdhd2 0.01715]  -0.257
Spr 0.04502] -0.158
Actrib 0.01800] -0.153
Fasn 0.00172]  -0.119

Table 2. Comprehensive list of differentially expressed proteins (DEPs) between WT and

RGS14 KO after SAL or KA treatment. (Harbin et al., 2023) (A) List of upregulated (left) or

downregulated (right) DEPs in RGS14 KO hippocampi one day after saline treatment, their

adjusted p-values, and the fold change of abundance (log. FC (KO/WT)). (B) List of upregulated

(left) or downregulated (right) DEPs in RGS14 KO hippocampi one day after saline treatment,

their adjusted p-values, and the fold change of abundance (log. FC (KO/WT)). FC, fold change.
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However, we were surprised to find GO terms like “Response to Prostaglandin Stimulus”, “Nitric-
Oxide Synthase Regulator Activity”, and “Intrinsic Pathway for Apoptosis” to be associated with
downregulated proteins in RGS14 KO hippocampi (Fig 12D, left), suggesting RGS14 may
influence nitric oxide levels and regulate prostaglandin and cellular stress signals. Proteins that
were upregulated in RGS14 KO hippocampi after SAL were associated with lipid membrane
dynamics and membrane transport (e.g. “Regulation of Membrane Lipid Distribution”, “ATPase-
Coupled Lipid Transport”, “Transport Across Blood-Brain Barrier”), receptor tyrosine signaling
(e.g. “Receptor Tyrosine Phosphatases”, “EGFR Downregulation”), and acetylcholine
neurotransmission (“ACh neurotransmitter Release”) (Fig. 12D, right). We and others have
demonstrated RGS14 interacts with small monomeric G proteins like H-Ras to modulate
MAPK/ERK signaling (Shu et al., 2010; Willard et al., 2009), making it plausible that RGS14 KO
would alter tyrosine receptor signaling dynamics within CA2 pyramidal cells. Although RGS14 has
never been demonstrated to modulate lipid dynamics or distribution, blood brain barrier transport,
or acetylcholine release, this data demonstrates loss of RGS14 may act upstream to dysregulate
a number of cellular pathways that contribute to KA seizure susceptibility in RGS14 KO mice.

However, it should be noted that only 8 upregulated proteins were used in this GO analysis, so it

may be unlikely that RGS14 majorly affects all of these cellular processes.

To determine alterations in cellular processes caused by loss of RGS14 induction
following seizure activity, we performed GO analysis 1 day after KA-SE. After KA treatment,
significantly downregulated proteins in RGS14 KO hippocampi were associated with GO terms
“Diol Biosynthetic Process”, “Diol Metabolic Process”, “Aldehyde Catabolic Processes”,
“Oxidoreductase Activity on Ch-Ch Group”, and “Fatty Acid Metabolism” (Fig. 12E, left),
suggesting possible dysregulation of cellular metabolism in RGS14 KO mice following seizure
activity. Strikingly, the most enriched GO term associated with proteins downregulated in KO mice

was “Eicosanoid Metabolism by COX.” Cyclooxygenase 2 (COX-2) is induced after seizure
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activity and its conversion of arachidonic acid to prostaglandins that contribute to epileptic
pathological responses (Rojas et al., 2019). Proteins that are upregulated in RGS14 KO
hippocampi were associated with GO terms “Regulation of Intrinsic Apoptosis”, “Positive
Regulation of ATP Metabolism”, “Oxygen Binding”, “Antioxidant Activity”, and “Mitochondrial
Alpha-Ketoglutarate Dehydrogenase Complex” (Fig. 12E, right). Proteins that localize to the
mitochondria or are involved in cellular metabolic regulation are highlighted in the volcano plot
(Fig. 12A). Of interest, DEPs in RGS14 KO at baseline include complex | (Ndufaf4), 11l (Ugcrll),
and V (Atpbmd, Atp5flc) components of the ETC, and DEPs in RGS14 KO following KA-SE
included a subunit of the alpha-ketoglutarate dehydrogenase complex Bckdhb and the
mitochondrial superoxide dismutase SOD2. All of these proteins are critical for proper
mitochondrial function, and their altered expression in the RGS14 KO hippocampus may

exacerbate oxidative stress and seizure pathology (Folbergrova and Kunz, 2012; Shin et al.,

2011).

Complimentary to this analysis, we also determined DEPs altered after KA-SE (between
treatment) in either WT or RGS14 KO hippocampi (within genotype) (Fig. 13A, B). We found 69
DEPs (34 upregulated, 35 downregulated) in WT mice and 50 DEPs (27 upregulated, 23
downregulated) in RGS14 KO mice, where only 8 proteins were common between the genotypes
(Fig. 13) (complete list of DEPs found in Table 3). Again, we used GO analysis on each set of
DEPs (Fig. 13D, E), and we compared and contrasted the two GO analyses to provide further
insight into KA-induced changes in the RGS14 KO hippocampus relative to WT. Proteins
associated with gene expression, protein translation, and protein folding were commonly
upregulated in both WT and RGS14 KO (Fig 13D, E), which is expected as neuronal activity

promotes transcription and translation (Fernandez-Moya et al., 2014; Yap and Greenberg, 2018).
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Figure 13. Comparison of WT and RGS14 KO hippocampal proteome after KA-SE suggests
oxidative stress as a potential consequence of RGS14 KO. (Harbin et al., 2023) (A) Volcano
plot showing differentially expressed proteins (DEPS) in WT or RGS14 KO one day after KA-SE

plotted by their -logio(p-value) and log. fold change (KA/SAL). Proteins were considered
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significantly downregulated if the adjusted p-value < 0.05, log. fold change (KA/SAL) < 0 and
significantly upregulated if the adjusted p-value < 0.05, log: fold change (KA/SAL) > 0 (nh =5 per
genotype/condition). Labeled dots represent DEPs involved with cellular metabolism and localize
to the mitochondria. (B) Diagram illustrating within-genotype, between-treatment comparisons
used to determine DEPs. (C) Venn diagram showing the number of upregulated or downregulated
proteins following KA-SE in WT or RGS14 KO hippocampi and DEPs common to both genotypes.
(D-E) Gene ontology analysis demonstrates similar biological function and processes of DEPs
that are either downregulated (DOWN) or upregulated (UP) following KA-SE in WT (D) or RGS14
KO A (E). Red arrows indicate ontologies of interest related to metabolic and mitochondrial

function.
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A WT B RGS14 KO
Upregulated Downregulated Upregulated Downregulated
after KA after KA after KA after KA
Adj]Log2 FC Adj]Log2 FC Adj] Log2 FC Adj] Log2 FC|

Protein | p-value| (KA/Sal)| |Protein | p-value| (KA/Sal)| |Protein | p-value| (KA/Sal)| |Protein | p-value| (KA/Sal)
Lrrfip1 0.04855  2.039 [Bckdhb | 0.02584] -0.810| [Spag7 | 0.00011 1.043| [Enbp1 0.02550  -1.389
Hspb1 0.01937]  1.367] [Tinagl1 0.04738]  -0.796| [Srrm2 0.01341 0.755 |Rnf141 | 0.04137]  -0.896)
Dnajb5 0.00046]  1.217] [Kenj10 0.025568] -0.758| [Eif5b 0.03604 0.736 [Cacnale| 0.00274] -0.593
'Y bx1 0.03460 1.132 INaa15 0_00127] -0.722 ICmip 0.02918 0.733 |Ptgr2 0.01712 -0.461
Vgf 0.00210]  0.952 |Ank1 001913  -0.649 Mist8 0.02592) 0.705 [Srprb 0.00560]  -0.457]
Castor2 0.04962 0.932 |Abcd3 0.00731] -0.624 Dnajbs 0.04264| 0.697] Mark3 0.01132 -0.422
Lsm3 0.03750 0.927 [snrpat 0.01207]  -0.561| [Syt11 0.03861 0.626/ Pmm1 0.00377 -0.402|
Ptpn5 0.04391 0.643 |cgact 0.02672] -0.535| [Sezbl 0.00928| 0.580| |Pip5Sk1a | 0.01768 -0.397
Rps27 0.01114 0.608 [aldh4a1 0.02659 -0.529 Trappc8 | 0.03487] 0.549 |Rgs7bp | 0.00735 -0.391
Psmb5 0.04123] 0.500 |Hectd4 0.00104 -0.508 Digap2 0.01553] 0.499 |Fth1 0.00248 -0.371
Fmnl1 0.02409 0491 [cygh 0.02302  -0.48¢ [Cnn3 0.03324 0.477| Mtmr1 0.01415]  -0.363
Prmt1 0.03650] 0.473 Trappc8 0_02779' _0_44d Bcn1b 0.00837| 0.430 IApoe 0.01321 -0.359
Ndufaf4 | 0.00109  0.473|5cq5 0.01695  -0.430] Msi2 0.03794 0.407| |Hagh 0.03390] -0.324
Spon1 0.02731 0.433 Akt 0_00585| -0.353 Celf2 0.03192 0.326 [Mblac2 0.02923 -0.294
Rab8a 0.02410 0.397] C200rf27 | 0.02376]  -0.352) Sgta 0.00067] 0.292 IMpp3 0.02482 _0.288|
Eif1 0.01400 0.379 Tiprl 0.00950| -0.337 ISsr1 0.02485 0.289 |abcb1a 0.03589 -0.285
G3bp2 0.02647] 0.341 | o 0.00276]  -0.300) Asb8 0.04264 0.277||sh3kbp1 | 0.04989 -0.264
Tpt1 0.00006 0.334] Hadha 0.00548  -0.300 Ggt7 0.03534 0.276| |scfd1 0.04290 -0.253
Hsph1 0.00032 0.324 | e 0.04445  -0.282) Sic27a4 | 0.01662] 0.278| [Xpnpep1 | 0.00664 -0.240
Sh3kbp1 | 0.01395| 0.291 Hadhb 0'04115| _0'277 Farsb 0.02048| 0.257)|sh3bgrl | 0.03115 -0.168
Rps16 0.00703 0.290 Alcam 0'03304 -0-265 Tpt1 0.00416| 0.237|Actr1b 0.03090 -0.148
Dnaja1 001028 0280 | (10 001639  -0.265 [RPS9 0.04456| 0.237]
Grb2 001957 0.253 5 002616  -0.262 [isPn’ 0.01982| 0.218
Eeflal 0.03566]  0.235 Hg 002023  -0.253 P4hb 0.02167| 0.189
Eef2 0.00045  0.221| [I"MPT : e il =7) 0.00978 0.171
Tra2a 001602  0.215 [P9K9 003988  -0.247 '
Rheb 004606  0.214) [Adfg2 0.04260]  -0.244
Kiaa0513 | 0.03774]  0.20¢ [Ndufb5 | 0.03526)  -0.244
Rpl13 0.03803  0.205 [PrxI2a 0.01638]  -0.237
Hsp90ab1| 0.02585  0.195 [Pitbnm1 | 0.04720]  -0.223
Hpcal4 | 0.00062  0.191| fAhcy 0.04338]  -0.184
Hspad 003850 0131 [AtpSpd | 0.03795]  -0.174

L1cam 0.01534]  -0.167|

Actni 0.01974]  -0.08

Table 3. Comprehensive list of differentially expressed proteins (DEPs) one day after KA-

SE in WT or RGS14 KO hippocampi. (Harbin et al., 2023) (A) List of upregulated (left) or

downregulated (right) DEPs one day following KA-SE in WT hippocampi, their adjusted p-values,

and the fold change of abundance (log2 FC (KA/SAL)). (B) List of upregulated (left) or

downregulated (right) DEPs one day following KA-SE in RGS14 KO hippocampi, their adjusted

p-values, and the fold change of abundance (log2 FC (KA/SAL)). FC, fold change.
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In contrast, while upregulated proteins in WT were associated with the GO term “Protein
Localization To Mitochondria” (Fig. 13D), upregulated proteins in RGS14 KO lacked this ontology
and instead were associated with GO terms “Regulation of Response to Oxidative Stress” and
“Cellular Response to Stress”, further implicating that RGS14 may be important in regulating

mitochondrial response to seizure activity and loss of RGS14 could promote oxidative stress.

3.4. WGCNA Analysis reveals significant alterations of protein modules related to cellular/lipid

metabolism and astrocytes in RGS14 KO hippocampi (unpublished data)

To further expand on our proteomics analysis, we used weighted gene correlation network
analysis (WGCNA) to cluster proteins into modules with similar expression patterns across groups
as we have previously performed (Gerber et al., 2019) (Fig. 14). Proteins were clustered into 35
distinct modules that were determined to co-express with each other (Fig. 14A). By comparing
these modules with DEPs identified in our differential expression analysis, four modules of interest
(M5 green, M19 light yellow, M27 white, M15 midnight blue) were found to be significantly
associated with the DEPs from the differential expression (Fig. 14B). M5 and M19 were chosen
for further analysis based on their significant association with proteins in WT but not RGS14 KO
hippocampi that were downregulated by KA. M27 was of interest because this module was
significantly associated with proteins that differed between WT and RGS14 KO after KA, while
M15 was selected due to its association with DEPs between WT and RGS14 KO after saline
(baseline). Each module contains a hub protein (eigengene) identified as the first principal
component that drives the expression changes and is representative of the expression of the
other module proteins (Langfelder and Horvath, 2007). Eigengene values from each of the four
modules significantly varied across group (Fig. 14C). Similar to what was seen in the module-trait
relationships (Fig. 14B), eigengenes from M5 and M19 modules were considerably lower after KA

treatment in WT mice but decreased only slightly after KA treatment in RGS14 KO (Fig. 14C).
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demonstrating the clustering of proteins based on similarity of expression. Peaks represent
proteins and the height of peaks represent the degree of relation to the expression module
(colored bars below). (B) Heat map showing the degree of correlation of modules with the DEPs
identified from differential expression analysis for each comparison and if the expression changes
are driven by treatment or genotype. Red represents modules of proteins that were similarly
upregulated (positive correlation), while blue represents modules of proteins that were similarly
downregulated (negative correlation). (C) Box plots representing the expression pattern of
eigengenes that significantly varied between groups. (D) Fraction of DEPs for each differential
expression comparison that are represented by the selected modules. (E) Cell-type enrichment
analysis demonstrating modules that are enriched with proteins specific to primary brain cell types

for each of the selected modules. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Comparing between WT and RGS14 KO, the eigengene for M27 differed more within the
KA-treated groups whereas the eigengene for M15 differed more within the saline-treated groups
(Fig. 14C). Accordingly, M27 and M15 modules contained an appreciable proportion of DEPs that
were significantly different between genotypes (Fig. 14D). Likewise, M5 and M19 modules were
represented more by DEPs that significantly differed after KA treatment in WT mice compared to
RGS14 KO mice (Fig. 14D). When cell-type enrichment was performed on each of the modules,
M5 and M19 modules were significantly enriched with proteins associated with astrocytes, while
M27 and M15 modules were not associated with any particular cell-type (Fig. 14E). Overall, this
corroborates our findings from differential expression analysis, highlighting modules of proteins
that are also significantly altered in RGS14 KO mice at baseline or after KA-SE, while unveiling a

possible alteration in astrocytic proteins caused by KA-SE in WT mice but not RGS14 KO mice.

Because co-expression modules may reflect shared biological function of protein
members, we performed GO analysis on the four modules of interest to determine what biological
and cellular processes were associated with each module (Fig. 15). Similar to WT proteins that
were downregulated after KA-SE (Fig. 13D), the M5 module contained proteins associated with
fatty acid oxidation and metabolism particularly in the mitochondria (e.g. “Mitochondrial Fatty Acid
Beta-Oxidation”) (Fig. 15A), which makes sense as this module also showed downregulation
following KA-SE in WT (Fig. 14). This further emphasizes a role for RGS14 in regulating cellular
metabolism during seizure activity, where energy metabolism and mitochondrial function during
periods of seizure activity may differ between WT and RGS14 KO hippocampi and contribute to
seizure-induced oxidative stress. While ontologies related to fatty acid metabolism were by far
the most enriched, the ontology “Regulation of Potassium lon Transport” was also enriched in this
module (Fig. 15A). This is of particular interest as maintenance of potassium gradients is a key
component of excitability and seizure occurrence and regulated primarily by astrocytes (Sofroniew

and Vinters, 2010).
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Figure 15. Gene ontology of WGCNA further demonstrates altered metabolic processes

altered in RGS14 KO mice. (unpublished data) (A) Plots of significant ontologies associated

with proteins in the M5 green module. (B) Plots of significant ontologies associated with proteins

in the M19 light yellow module. (C) Plots of significant ontologies associated with proteins in the

M27 white module. (D) Plots of significant ontologies associated with proteins in the M15 midnight

blue module. Red arrows and brackets indicate ontologies of interest, particularly those related to

metabolism and mitochondrial function.
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Because this module was also associated with astrocytic proteins (Fig. 14E), this data also
suggests a potential dysfunction in astrocytic handling of potassium or astrocytic energy

metabolism.

In the M19 module, some of the most enriched ontologies were related to cell-cell
adhesion and gap junctions (e.g. “Homotypic Cell-Cell Adhesion”, “Gap Junction”) with some
ontologies also related cellular metabolism (e.g. “Metabolism”) (Fig. 15B), which support the
proteomics findings thus far. Changes in cell adhesion and gap junctions may reflect RGS14’s
ability to suppress synaptic plasticity, as cell adhesion molecules are important mediators of
structural enlargement at synapses (Missler et al., 2012). Because this module was also
associated with the ontology “Potassium lon Binding” and astrocytes (Fig. 14E), which form cell-
cell junctions with themselves and other cell types (Bennett et al., 2003), this may further indicate
dysregulation of astrocytic function in RGS14 KO mice. M27 and M15 modules also contained
modules related to metabolism and mitochondrial function (e.g. “Glycosphingolipid Metabolism”
and “Mitochondrion” in M27; “Fatty Acid Metabolic Process” in M15) (Fig. 15C, D), and the most
enriched ontology in M15 was “Lipid Droplet” (Fig. 15C), which further implicates dysregulation of
cellular and lipid metabolism as a potential effect of RGS14 deletion. Additionally, ontologies like
“Catecholamine Transport” and “Glutamine Family Amino Acid Biosynthesis” in the M27 module
may indicate perturbations in neurotransmitter synthesis and transmission in RGS14 KO mice,
where ontologies like “Neg. Reg. of Leukocyte Mediated Immunity” and “Eicosanoid Metabolism”
may suggest impairment of inflammatory processes following KA-SE (Fig. 15C). Overall, our
findings here corroborate our findings from differential expression where loss of RGS14 impacts
a spectrum of predicted and novel cellular pathways, the most prominent being alterations in
cellular metabolism and mitochondrial function that may have effects on seizure-induced oxidative

stress.
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3.5. RGS14 localizes to mitochondria in CA2 PCs and reduces mitochondrial respiration in vitro

(Harbin et al., 2023)

Among the protein pathways most affected by loss of RGS14, those associated with
mitochondrial function and oxidative stress were most surprising and of interest. To explore a
possible role for RGS14 in mitochondrial function, we first tested whether RGS14 localizes to the
mitochondria in area CA2 PCs. We used immunogold-labeled electron microscopy (EM) to
visualize RGS14 in subcellular structures within area CA2 PCs of untreated WT mice (Fig. 16A).
RGS14 immunogold labeling is indicated by spherical black particles in proximal dendrites (Fig.
16A, top left and bottom left panels) or cell bodies (Fig. 16A, top center and far right panels).
RGS14 immunogold labeling was associated with the external and crista membranes of
mitochondria in both dendrites and cell bodies of CA2 pyramidal cells (Fig. 16A). Control sections
from CA2 tissue processed for the immunogold reaction without the RGS14 antibody were almost
completely devoid of gold particles over mitochondria (Fig. 16B), indicating the specific

localization of RGS14 in mitochondria of CA2 pyramidal neurons.

To determine if RGS14 has an impact on mitochondrial function, we measured oxygen
consumption rate (OCR) under basal conditions and following pharmacological inhibition of the
ETC in HEK293T cells. We found that cells expressing RGS14 (Fig. 16E) had an overall lower
OCR profile compared to cells not expressing RGS14 (Fig. 16C), indicating that RGS14 reduces
mitochondrial respiration and is consistent with a previous report that RGS14 had effects on
mitochondrial respiration in brown adipose tissue (Vatner et al., 2018). We analyzed the area
under the curve to quantify different mitochondrial respiration parameters (Gu et al., 2021) and
found that RGS14 reduced basal respiration (28.7% reduction relative to control) and maximal
respiration (23.3% reduction relative to control) without affecting proton leak, ATP-linked

respiration, spare capacity, and non-mitochondrial respiration (Fig. 16D).
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Figure 16. RGS14 localizes to mitochondria in CA2 PCs and reduces mitochondrial
respiration in vitro. (Harbin et al., 2023) (A) Electron micrographs of CA2 hippocampal region
showing RGS14 immunogold labeling in mitochondria. Top left and bottom left panels depict
labeling in dendritic processes, while center and right panels show neuronal cell body labeling.
Gold labeling can be found both on the external and crista membranes of the mitochondria (red
arrows). (B) Negative control micrographs showing non-specific immunogold background labeling
from sections incubated without the RGS14 antibody. Note the lack of labeling over mitochondria.
Scale bars: 1 um. (C) Normalized oxygen consumption rate plotted over time in HEK293T cells
expressing pcDNA3.1 (control) or FLAG-RGS14 (RGS14) during a mitochondrial stress test.
Measurements start at baseline and are followed by sequential treatments of cells with

mitochondrial inhibitors oligomycin, FCCP, and rotenone/antimycin A. (D) Quantification of
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parameters derived from panel (C) that are representative mitochondrial function during the assay
(n = 7 per transfection condition). (E) Representative Western blot verifying overexpression of
RGS14 in HEK293T cells transfected with FLAG-RGS14 compared to pcDNA3.1 (control).
Statistical Analysis: (D) Unpaired t-tests to compare mean OCR between control vs RGS14
groups (basal respiration, 3627.11 £ 297.19 vs 2819.16 £+ 196.95, *p < 0.05; maximal respiration,
7965.98 + 430.71 vs 6458.40 + 324.92, *p < 0.05). Error bars represent the SEM. FCCP,

carbonilcyanide p-trifluoromethoxyphenylhydrazone.
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Together, this data supports a role for RGS14 in the regulation of mitochondrial function, possibly
in area CA2 where metabolic function and mitochondrial gene expression is enriched (Farris et

al., 2019).

3.6. RGS14 is necessary for SOD2 induction in area CA2 and prevents 3-nitrotyrosine

accumulation (Harbin et al., 2023)

Superoxide and other reactive metabolites are generated by seizure activity, and this
seizure-induced oxidative stress plays an important role in mediating seizure pathology
(Puttachary et al., 2015). SOD2 is the primary enzyme that detoxifies mitochondrial superoxide,
and its altered expression or activity can be deleterious (Holley et al., 2011). Loss of SOD2
exacerbates KA-induced oxidative stress, hippocampal hyperexcitability, and cell death, whereas
SOD2 overexpression ameliorates these effects (Liang et al., 2000; Liang and Patel, 2004). We
noted that SOD2 was significantly upregulated in RGS14 KO hippocampi after KA as identified

by our proteomics (Fig. 12A and Table 2).

Because RGS14 localized to mitochondria in area CA2 (Fig. 16) and loss of RGS14
altered mitochondrial superoxide metabolic pathways (Figs. 12-15), we examined the impact of
RGS14 loss and seizure on SOD2 protein expression and oxidative stress in hippocampal area
CA2 (Fig. 17A-C). We used IHC to quantify SOD2 expression across the hippocampus one day
after saline or KA-SE (Fig. 17A). In area CA2, SOD2 expression in both cell bodies (SP) and
proximal dendrites (SR) was noticeably similar between WT (Fig. 17A, top left) and RGS14 KO
(Fig. 17A, bottom left) after saline treatment. Contrary to our proteomic results, we observed a
remarkable increase of SOD2 expression in WT CA2 (Fig. 17A, top right) that was not evident in
RGS14 KO CA2 (Fig. 17A, bottom right). In CA2 cell bodies (SP), SOD2 expression was
significantly altered by genotype, treatment, and an interaction between the two (Fig. 17B), where
post-hoc analysis revealed higher levels of SOD2 in KA-treated WT mice compared to SAL-

treated WT CA2 (71.55 fold higher) or KA-treated KO CA2 (7.71 fold higher).
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Figure 17. RGS14 is necessary for SOD2 induction in area CA2 and prevents 3-
nitrotyrosine accumulation. (Harbin et al., 2023) (A) Representative IHC images of superoxide
dismutase 2 (SOD2) expression in WT and RGS14 KO CA2 one day after saline or KA-SE. Note
the induction of SOD2 expression after KA-SE in WT but not RGS14 KO CA2. SP and SR
represent regions of analysis for cell body (SP) and dendritic (SR) layers of CA2. Scale bar, 20
pm. (B) Mean SOD2 immunofluorescence in the cell bodies (SP) of CA2 expressed relative to
saline-treated WT mean (SAL: WT, n=3, 1.00 + 0.76; RGS14 KO, n=4, 10.09 = 4.93; 1d KA: WT,
n=4, 71.55 £ 19.06; RGS14 KO, n=4, 9.28 £ 5.76). (C) Mean SOD2 immunofluorescence in the

proximal dendrites (SR) of CA2 expressed relative to saline-treated WT mean (SAL: WT, 1.00 +
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0.26; RGS14 KO, 0.70 + 0.21; 1d KA: WT, 4.65 + 2.00; RGS14 KO, 0.84 + 0.29). (D)
Representative IHC images of 3-nitrotryosine (3-NT) staining in WT and RGS14 KO CA2 one day
after saline or KA-SE. 3-NT is detected in striking abundance in RGS14 KO mice compared to
WT mice, an effect that is exacerbated following KA-SE. Scale bar, 20 um. (E) Mean
immunofluorescence of 3-NT staining in area CA2 expressed relative to saline-treated WT mean
(SAL: WT, n=4, 1.00 + 0.32; RGS14 KO, n=3, 532.56 + 83.88; 1d KA: WT, n=4, 7.33 + 3.86;
RGS14 KO, n=3, 5213.93 + 1908.17). Statistical analysis: (B, C, E) Two-way ANOVA with Tukey
post-hoc comparisons used to compare group means (B, two-way ANOVA, F = 5.68 for genotype,
*p <0.05; F =9.77 for treatment, *p < 0.05; F = 10.23 for interaction, **p < 0.01; Tukey’s, WT SAL
vs WT KA, **p < 0.01; WT KA vs KO KA, **p < 0.01) (E, two-way ANOVA, F = 12.89 for genotype,
**p < 0.01; F = 8.61 for treatment, *p < 0.05; F = 8.56 for interaction, *p < 0.05; Tukey’s, KO SAL
vs WT KA, *p < 0.05; WT KA vs KO KA, **p < 0.01). Error bars represent the SEM. SP, stratum

pyramidale; SR, stratum radiatum. 3-NT, 3-nitrotyrosine.
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Although there was an apparent increase in SOD2 in CA2 dendrites (SR) in KA-treated WT mice
relative to the other groups, these results were not statistically significant (Fig. 17C). In area CA1,
we found SOD2 expression to be opposite of area CA2, where SOD2 expression is increased in
KA-treated RGS14 KO compared to KA-treated WT (5.85 fold higher in SP; 8.48 fold higher in
SR) (Fig. 18). This data suggests RGS14 could influence superoxide levels in the hippocampus
by modulating SOD2 expression and also helps explain the paradoxical results between our
proteomics and IHC, as whole hippocampi were used for proteomics and the volume of CA2 is

considerably smaller than CA1 (Iglesias et al., 2015).

To determine if loss of RGS14 increases superoxide production and exacerbates oxidative
stress, we evaluated the expression of hippocampal 3-nitrotyrosine (3-NT) using IHC one day
after saline or KA-SE (Fig. 17D, E). Tyrosine oxidizes to 3-NT when exposed to peroxynitrite, a
highly reactive species that forms from O, and NO. 3-NT is commonly used as a marker for
oxidative stress and can greatly impact protein function and signaling (Bandookwala and
Sengupta, 2020; Campolo et al., 2020). Quite remarkably, we observed a dramatic increase of 3-
NT staining in CA2 of RGS14 KO mice relative to WT after saline or KA-SE. (Fig. 17D).
Quantification and comparison of 3-NT staining in area CA2 revealed a significant effect of
genotype, treatment, and an interaction between treatment and genotype, suggesting loss of
RGS14 and KA-SE influence the abundance of 3-NT in CA2 (Fig. 17E). Although post-hoc
analysis showed no difference of CA2 3-NT staining between WT and RGS14 KO after saline
treatment, we did find 3-NT abundance in KO CA2 was increased after KA compared to SAL-
treated KO CA2 (9.79 fold higher) and KA-treated WT CA2 (72.87 fold higher) (Fig. 17E). Although
RGS14 modulates SOD2 expression in CA1, we observed no genotype or treatment differences

in 3-NT staining in this area (data not shown).
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Figure 18. SOD2 is upregulated in area CA1l of RGS14 KO mice one day after KA-SE.
(Harbin et al., 2023) (A) Representative IHC images of superoxide dismutase 2 (SOD2)
expression in WT and RGS14 KO CA2 one day after KA-SE. SP and SR represent regions of
analysis for cell body (SP) and dendritic (SR) layers of CA2. (B) Mean SOD2 immunofluorescence
in the SP layer of CAl expressed relative to WT mean (WT, 1.00 £ 0.52; RGS14 KO, 5.85 + 1.62).
(C) Mean SOD2 immunofluorescence in the SR layer of CA1 expressed relative to WT mean
(WT, 1.00 £ 0.68; RGS14 KO, 8.48 + 0.81). Statistical analysis: (B, C) Group means compared
using unpaired t-tests (B, WT vs RGS14 KO, *p < 0.05) (C, WT, vs RGS14 KO, ***p < 0.001).

Error bars represent the SEM. SP, stratum pyramidale; SR, stratum radiatum.
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Overall, these results provide compelling evidence that RGS14 limits excessive amounts of
superoxide and prevents accumulation of 3-NT in area CA2 likely by regulating some aspects of

mitochondrial function and promoting SOD2 expression after KA.

3.7. Loss of RGS14 does not alter early hippocampal neuronal injury in areas CA2 or CAl after

KA-SE (Harbin et al., 2023)

Because loss of RGS14 sensitized mice to behavioral seizures by KA (Fig. 9), we
hypothesized that RGS14 KO mice would have more severe neurodegeneration in the
hippocampus, possibly in CA2 PCs that are typically resistant to such injury (Hatanpaa et al.,
2014; Steve et al., 2014) or CAl1 PCs that also induce RGS14 expression after KA-SE. As such,
we assessed hippocampal neuronal injury in the dorsal hippocampus as well as the subiculum,
entorhinal/perirhinal cortices, lateral amygdala, and dorsomedial thalamus one day following KA-
SE in WT and RGS14 KO mice using Flurojade B (FJB), a sensitive dye that labels degenerating
neurons after SE (Schmued et al., 1997). Somewhat unexpectedly, we observed no FJB labeling
in hippocampal areas CALl (Fig. 19D) or CA2 (Fig. 19E) of either WT (Fig. 19A) or RGS14 KO
mice (Fig. 19B). However, FJB labeling in area CA3 was observed in both WT and RGS14 KO
mice (Fig. 11F), where neuronal injury was expected and is typically observed after KA-SE (Ben-
Ari and Cossart, 2000). RGS14 KO mice appeared to have increased FJB labeleing in CA3
relative to WT mice (Fig. 19F), though quantification and comparison of FIB+ cell counts in CA3
revealed no significant differences between WT and RGS14 KO mice (Fig. 19C), likely due to the
high variability of FIB labeling between RGS14 KO mice. Moreso, we observed no labeling in the
subiculum (Fig. 19G), the perirhinal/entorhinal cortex (Fig. 19H), the lateral amygdala (Fig. 191),
or dorsomedial thalamus (Fig. 19J), where neuronal injury from KA-SE has also been reported
(Rusina et al., 2021). Contrary to our hypothesis, these results suggest RGS14 is not necessary
for protection against early excitotoxic injury caused by KA-SE in CA2 or CA1 PCs, where RGS14

was found to be upregulated at the same time point (Fig. 11).
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Figure 19. Loss of RGS14 does not alter early hippocampal neuronal injury in areas CA2
or CA1 after KA-SE. (Harbin et al., 2023) (A-B) Representative FluroJade B (FJB) staining in
WT (A) and RGS14 KO (B) dorsal hippocampi 1 day following KA-SE (A). Dashed box represents
the injured region of area CAS3. Scale bar, 50 um. (C) Mean number of FJB+ neurons in area CA3
of the dorsal hippocampus after KA-SE (n = 4 per genotype) (WT, 0.75 £ 0.48; RGS14 KO, 17.75
+ 9.06) (D-F) Representative images of area CA1 (D), CA2 (E), and CA3 (F) in WT and RGS14
KO mice. Scale bar, 20 um. (G-J) Representative images of the subiculum, perirhinal/entorhinal

cortex, lateral amygdala, and dorsomedial thalamus in WT and RGS14 KO mice. Scale bar, 50
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pum. Statistical Analysis: (C) Unpaired t-test was used to compare mean number of FIB+ neurons

(WT vs RGS14 KO, p > 0.05). Error bars represent the SEM.
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3.8. RGS14 is required for glial response to KA-SE (Harbin et al., 2023 and unpublished data)

Hippocampal microgliosis shortly follows SE, such that microglia are recruited to sites of
hyperexcitability and are activated by a variety of factors that induce morphological changes
(Hiragi et al., 2018). As a final examination of seizure pathology, we sought to determine if loss
of RGS14 altered microglial recruitment and activation to the hippocampus following KA-SE. To
test this hypothesis, we performed IHC using IBA1 as a marker to specifically label microglia and
guantify microglial number and size in the hippocampus of WT and RGS14 KO mice one day after
saline or KA-SE (Fig. 20A). Overall, we observed no visible differences in microglial number or
morphology between saline-treated WT and RGS14 KO (Fig. 12A, top panels). However, while
there was a noticeable increase in IBA1 immunoreactivity in WT hippocampus after KA-SE, such
was not the case in RGS14 KO mice (Fig. 20A, bottom panels), suggesting that RGS14 could

mediate microglial activation.

To determine microglia reactivity (increase in number and size of microglia) and potential
subregional differences in microglial activation between WT and RGS14 KO hippocampi, we
guantified the density of IBA1+ microglia (number of microglia/area of analysis) and area of IBA1+
microglia for each hippocampal subregion. In CA1 (Fig. 20B), we found a significant effect of
genotype on microglia density with significantly more microglia in WT CA1 compared to RGS14
KO CALl after KA-SE (85% increase) (Fig. 20C). Additionally, there was a significant effect of
genotype and interaction between treatment and genotype on microglia size in CAl, where
microglia were significantly larger in KA-treated WT mice compared to SAL-treated WT (104%
larger) or KA-treated RGS14 KO (141% larger) (Fig. 20D). In CA2 (Fig. 20E), we observed a
significant effect of treatment and genotype on microglia density, where there were significantly
more microglia in KA-treated WT CA2 compared to SAL-treated WT (92% increase) or KA-treated
RGS14 KO CA2 (156% increase) (Fig. 20F). Subsequently, there was an effect of treatment on

microglia size in CA2, where only WT microglia increased in size following KA-SE (99% larger)
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binding adaptor molecule 1 (IBA1) as a marker of microglia and DAPI (nuclei marker) in the dorsal
hippocampus of WT and RGS14 KO mice one day after saline or KA-SE. Scale bar, 100 pum. (B,
E, H, K) Representative IHC images of IBAL expression in area CAl (B), CA2 (E), CA3 (H), and
DG (K) in WT and RGS14 KO mice one day after saline or KA-SE. Scale bar, 20 um. (C) Mean
microglial density for CA1 (# microglia/um?e-04) (SAL: WT, 5.19 + 0.80; KO, 2.94 + 0.96; 1d KA:
WT, 6.71 + 0.28; KO, 3.63 + 0.16). (D) Mean area (size) of IBA1+ microglia in CA1 (um?) (SAL:
WT, 53.19 + 9.85; KO, 47.09 + 4.22; 1d KA: WT, 108.31 + 22.13; KO, 45.02 £ 2.60). (F) Mean
microglial density for CA2 (# microglia/um? e-04) (SAL: WT, n =3, 3.39 + 0.52; KO, n=3, 2.08 +
0.05; 1d KA: WT, 6.52 + 1.11; KO, 2.54 *+ 0.33). (G) Mean area (size) of IBA1+ microglia in CA2
(um?) (SAL: WT, n=3, 40.61 + 2.68; KO, n=3, 35.34 + 1.61; 1d KA: WT, 80.84 + 17.26; KO, 42.91
+ 2.37). () Mean microglial density for CA3 (# microglia/um? e-04) (SAL: WT, 2.42 + 0.51; KO,
1.99 + 0.15; 1d KA: WT, 4.99 + 1.24; KO, 3.47 = 0.82). (J) Mean area (size) of IBA1+ microglia in
CAS3 (um?) (SAL: WT, 53.19 * 9.85; KO, 47.09 + 4.22; 1d KA: WT, 108.31 + 22.13; KO, 45.02 +
2.60). (L) Mean microglial density for DG (# microglia/um?e-04) (SAL: WT, 3.87 + 0.21; KO, 3.55
+0.42; 1d KA: WT, 6.31 + 0.40; KO, 6.63 + 0.25). (M) Mean area (size) of IBA1+ microglia in CA1
(um?) (SAL: WT, 49.37 + 2.61; KO, 44.44 + 3.68; 1d KA: WT, 81.71 + 6.50; KO, 62.72 + 3.60).
n=4 per genotype and condition unless noted otherwise. Statistical analysis: Two-way ANOVA
with Tukey’s or Sidak’s post-hoc comparisons was used to compare mean microglial density (C,
F, 1, L) and area (D, G, J, M) between treatment and genotype (C, two-way ANOVA, F = 16.95
for genotype, **p < 0.01; Sidak’s, WT KA vs KO KA, *p < 0.05) (D, two-way ANOVA, F = 7.87 for
genotype, *p < 0.05; F = 5.35 for interaction, *p < 0.05; Tukey’s, WT SAL vs WT KA, *p < 0.05;
WT KA vs KO KA, *p < 0.05) (F, two-way ANOVA, F = 13.41 for genotype, **p < 0.01; F = 6.22
for treatment, *p < 0.05; Tukey’s, WT SAL vs WT KA, *p < 0.05; WT KA vs KO KA, **p < 0.01)
(G, two-way ANOVA, F =5.29 for treatment, *p < 0.05; Sidak’s, WT SAL vs WT KA, *p < 0.05) (I,
two-way ANOVA, F = 6.58 for treatment, *p < 0.05) (L, two-way ANOVA, F = 7.81 for treatment,

*p < 0.05) (B, two-way ANOVA, F = 68.49 for treatment, ****p < 0.0001; Sidak’s, WT SAL vs WT
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KA, ***p < 0.001; KO SAL vs KO KA, ****p < 0.0001) ) (M, two-way ANOVA, F = 7.58, *p < 0.05;
F = 33.93 for treatment, ****p < 0.0001; Tukey’s, WT SAL vs WT KA, ***p < 0.001; KO SAL vs

KO KA, *p < 0.05; WT KA vs KO KA, *p < 0.05). Error bars represent the SEM.
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(Fig. 20G). This was a surprising result as pronounced microglial activation typically follows
intense seizure activity (Eyo et al.,, 2017) and RGS14 KO mice had a more severe seizure
response to KA (Fig. 9). Interestingly, RGS14 expression in glia has not been demonstrated,
which could indicate a neuronal mechanism of promoting microgliosis. However, this suggests
that RGS14 is necessary for microglia activation after KA-SE in hippocampal area CA1 and CA2,

where RGS14 expression was coincidentally found to be upregulated (Fig. 11).

In contrast to area CA1 and CA2, we found that IBA1+ microglia were similarly activated
between WT and RGS14 KO in area CA3 (Fig. 20H). In CA3, there was only a significant effect
of treatment on IBA1+ microglia density (Fig. 201) and average IBA1+ microglia area (Fig. 20J)
with no significant diferences between groups in post-hoc analysis. In the DG (Fig. 20K), KA-SE
increased microglia density regardless of genotype (63% increase in WT; 86% increase in KO)
(Fig. 20L). We also found a significant effect of both treatment and genotype on average IBA1+
microglia area in the DG (Fig. 20M). Although microglia from both WT DG and RGS14 KO DG
were significantly larger after KA-SE compared to saline counterparts (65% larger in WT; 41%
larger in KO), KO microglia from DG were slightly but significantly smaller than WT DG microglia
after KA-SE (30% smaller) (Fig. 20M). To see if this effect persisted at a later time point, we
performed the same analysis in WT and RGS14 KO hippocampi seven days after KA-SE (Fig.
21). Similarly, we found that WT mice had significantly more microglia relative to RGS14 KO mice
in both CA1 (161% increase) (Fig. 21A, B) and CA2 (141% increase) (Fig. 21D, E). However,
average microglial size did not differ between genotypes in CA1 (Fig. 21C) or CA2 (Fig. 21F). At
this time point, microglia density was similar to that observed at 1 day after KA-SE, while microglial
size was more similar to that observed in saline controls (Fig. 20), indicating that only WT
microglia are recruited and activated to sites of injury or hyperexcitability and remain there at later
time points following KA-SE (albeit in a different morphological or activation state), whereas

RGS14 KO microglia fail to become recruited or activated at any of the observed time points.
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Figure 21. Reduction in microglial density persists 7 days after KA-SE in RGS14 KO mice.
(unpublished data) (A) Representative IHC images of IBAL in the dorsal hippocampal area CAl
of WT and RGS14 KO mice seven days after KA-SE. Scale bar, 20 um. (B) Mean microglial
density for CA1 (# microglia/um?e-04) (WT, n=5, 7.17 + 0.97; RGS14 KO, n=6, 2.74 + 0.08). (C)
Mean area (size) of IBA1+ microglia in CA1 (um?) (WT, n=5, 54.96 + 5.83; KO, n=6, 42.67 + 1.77).
(D) Representative IHC images of IBAL in the dorsal hippocampal area CA2 of WT and RGS14
KO mice seven days after KA-SE. Scale bar, 20 um. (E) Mean microglial density for CA2 (#
microglia/um? e-04) (WT, n=5, 6.05 *+ 1.16; RGS14 KO, n=5, 2.51 + 0.29). (F) Mean area (size)
of IBA1+ microglia in CA2 (um?) (WT, n=5, 51.02 + 5.95; KO, n=5, 45.42 + 1.60). Statistical
analysis: Group means were compared using unpaired t-test. (B, WT vs RGS14 KO, ***p < 0.001)
(C, WT vs RGS14 KO, p > 0.05) (E, WT vs RGS14 KO, *p < 0.05) (F, WT vs RGS14 KO, p >

0.05). Error bars represent the SEM.
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Taken together, this data suggests RGS14 is required for microgliosis in area CA1 and CA2, but
not CA3 or DG following KA-SE, a novel finding for a protein whose expression is restricted to
neurons in the brain, and establishes a clear role for RGS14 in determining early seizure

pathology.

Like microglia, astrocytes also become reactive from activating factors released from
neurons and microglia following SE, which causes a marked increase in the number GFAP-
expressing astrocytes (i.e. astrogliosis) although delayed and subsequent to microgliosis (Sano
et al., 2021). Because microglial response was suppressed in RGS14 KO mice (Fig. 20, 21) and
our findings from WGCNA revealed reductions in astrocytic proteins that may alter their function,
we sought to determine if astrocyte reactivity was also altered in RGS14 KO mice compared to
WT mice using IHC to visualize GFAP+ astrocytes in the dorsal hippocampus and quantify GFAP
immunoreactivity (Fig. 22). One day following KA-SE or saline, we observed an apparent
decrease in GFAP immunoreactivity in CA1 of RGS14 KO mice relative to WT (Fig. 22A),
particularly following KA-SE. However, there was no statistically significant effect of genotype or
treatment on GFAP immunoreactivity (Fig. 22C). Because astrocyte response is typically delayed
compared to microglial response following SE (Sano et al., 2021), which may explain the lack of
treatment effect one day following KA-SE, we quantified GFAP immunoreactivity seven days after
KA-SE in CAl (Fig. 22B). At this later time point, we found GFAP immunoreactivity was
significantly decreased in CA1 of RGS14 KO mice compared to WT (95% decrease) (Fig. 22D),
demonstrating that loss of RGS14 impacts astrocyte reactivity to KA-SE similar to what was seen
for microglia. In area CA2, we again saw a remarkable decrease in GFAP expression in RGS14
KO mice (Fig. 22E), an effect that became more pronounced one day after KA-SE. Indeed, there
was a main effect of genotype on GFAP immunoreactivity in CA2 (Fig. 22G), suggesting that

astrocytes from RGS14 KO animals may have impaired function regardless of treatment in CA2.
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Figure 22. Loss of RGS14 causes deficits in astrocyte reactivity following KA-SE.
(unpublished data) (A, B) Representative IHC images of GFAP in the dorsal hippocampal area
CAl of WT and RGS14 KO mice one day after KA-SE or saline (A) or seven days after KA-SE
(B). Scale bar, 20 um. (C) Mean GFAP immunofluorescence one day after saline or KA-SE in
CA1 relative to saline-treated WT mean (SAL: WT, n=4, 1.00 + 0.19; RGS14 KO, n=4, 0.91 +
0.44; 1d KA: WT, n=4, 1.62 + 0.58; RGS14 KO, n=4, 0.52 £+ 0.09). (D) Mean GFAP
immunofluorescence seven days after KA-SE in CA1 relative to WT mean (WT, n=4, 1.00 £ 0.49;
KO, n=6, 0.05 £ 0.02). (E, F) Representative IHC images of GFAP in the dorsal hippocampal area

CA2 of WT and RGS14 KO mice one day after KA-SE or saline (E) or seven days after KA-SE
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(F). Scale bar, 20 um. (G) Mean GFAP immunofluorescence one day after saline or KA-SE in
CAZ2 relative to saline-treated WT mean (SAL: WT, n=4, 1.00 + 0.35; RGS14 KO, n=4, 0.33 +
0.10; 1d KA: WT, n=4, 1.25 = 0.35; RGS14 KO, n=4, 0.34 = 0.06). (H) Mean GFAP
immunofluorescence seven days after KA-SE in CA2 relative to WT mean (WT, n=5, 1.00 £ 0.45;
KO, n=6, 0.12 * 0.04) Statistical analysis: (C, G) For saline and one day KA groups, means were
compared using two-way ANOVA with Sidak’s post hoc comparison (G, two-way ANOVA, F =
9.58 for genotype, **p < 0.01). (D, H) For seven day KA groups, means were compared using
unpaired t-tests (D, WT vs RGS14 KO, *p < 0.05) (H, WT vs RGS14 KO, *p < 0.05). Error bars

represent the SEM.
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Similarly, we observed a significant reduction in RGS14 KO GFAP expression seven days after
KA-SE in CA2 (88% decrease) (Fig. 22F, H), further supporting an essential role for RGS14 in
regulating aspects of astrocyte function and response to seizure activity in CA1 and CA2. Like
microglia, RGS14 KO effects in astrocytes were specific to CA1 and CA2 as GFAP expression
did not differ in CA3 or the DG (data not shown). Overall, the data here supports a necessary role
for RGS14 in glial response to seizure activity, which occurs in a subregion dependent manner

coincident with its upregulation following seizure.
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4. Discussion

4.1. Summary of Findings

Here, we have shown that loss of RGS14 sensitizes mice to the behavioral effects of KA-
SE demonstrated by expedited entry into SE and mortality. In response to seizure activity, RGS14
expression in WT mice was upregulated in the hippocampus, particularly in area CA2 and CAl
PCs, although RGS14 was still more abundantly expressed in CA2 relative to CA1l. Using
proteomics to assess molecular consequences of loss of RGS14, we observed an expected
difference in expression of proteins related to G-protein signaling while unexpectedly finding
proteins involved with NO synthase (NOS) activity, prostaglandin stimulation, lipid membrane
dynamics, and neurotransmission that differed prior to seizure, which likely affect the sensitivity
to KA behavioral seizures observed in RGS14 KO mice. Of processes that likely influence
pathology following KA-SE, we saw an array of proteins involved with mitochondrial metabolism
that were differentially expressed between WT and RGS14 KO hippocampi and modules of
proteins associated with metabolism, fatty acid oxidation, and astrocytes that also differed in
expression between WT and RGS14 KO after seizure activity. Accordingly, we observed for the
first time that RGS14 localizes to mitochondria of PCs in area CA2 and that add-back of RGS14
to cells reduced mitochondrial respiration in vitro. Loss of RGS14 promoted the marked
accumulation of 3-NT (a marker of oxidative stress) and prevented seizure induction of SOD2 (a
mitochondrial enzyme that detoxifies the reactive metabolite superoxide) in CA2 PCs, suggesting
exacerbated oxidative stress in the region. Although we found that RGS14 is not necessary for
CAZ2’s resistance to early seizure-induced neuronal injury, mice lacking RGS14 had a striking
impairment in microgliosis and astrogliosis in areas CA1 and CA2 following KA-SE, suggesting
RGS14 is required for neuroinflammatory response caused by seizure activity. Together, these

results provide compelling evidence that RGS14 limits behavioral and pathological seizure
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response to KA in the hippocampus, possibly by influencing the cellular excitability and metabolic

profile of CA2 PCs (Harbin et al., 2023).

4.2. Neuronal mechanisms by which loss of RGS14 primes the hippocampus and the brain to

seizure sensitivity caused by KA

While systemic KA administration can cause activation of KARs in a variety of brain
regions that may contribute to seizure generation including the amygdala and entorhinal cortex,
the hippocampus appears to be the most sensitive to generating epileptiform activity and
degenerating due to neuronal hyperactivity (Levesque and Avoli, 2013). Because KARs are
expressed pre- and postsynaptically on excitatory pyramidal cells, granule cells, and inhibitory
interneurons within the hippocampus, there have been several proposed cellular mechanisms of
how hippocampal seizure activity originates via KA activation (Lerma and Marques, 2013). There
is a general consensus, however, that KA alters the E/I balance via enhancement of mossy fiber
excitation from DG granule cells, suppression of GABAergic inhibition in CA3, or by other
mechanisms to generate epileptiform (ictal) activity in the CA3 region (Lerma and Marques, 2013),
which forms a recurrent collateral network similar to CA2 (Dudek et al.,, 2016). KA causes
hypersynchronized neuronal activity of pyramidal cells in CA3 through the coordination of
excitatory and inhibitory neuronal firing, which is thought to generate hippocampal oscillations
that are associated with seizure activity. Hypersynchrony allows for propagation of epileptiform
activity to spread from CA3 to CA1 and out of the hippocampus to connected structures causing
epileptiform oscillations where the activity spreads (Ben-Ari and Cossart, 2000). Faster onset of
SE (continuous limbic motor seizures) and mortality in RGS14 KO (Fig. 9, 10) (Harbin et al., 2023)
suggests enhanced hippocampal excitability that causes faster generation of seizure activity
within this CA3 network, quicker propagation of seizure activity from the hippocampus to
associated structures, or both. CA2 PCs from RGS14 KO mice are intrinsically more excitable

than those from WT mice, where KO CA2 PCs exhibit higher input resistance and have increased
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firing upon current injections. While excitatory transmission at CA3>CA2 synapses in WT mice is
typically weak, these synapses are strengthened in RGS14 KO mice and may result in additional
excitatory input to CA2 during seizure activity (Lee et al., 2010). Additionally, RGS14 buffers
dendritic calcium upon glutamate uncaging at CA2 synapses, which suggests loss of RGS14
could further enhance depolarizing responses from glutamate (Evans et al., 2018b). All of this
indicates that RGS14 KO mice likely have hyperactive CA2 activity, which could influence seizure
activity, and several recent reports support a role for CA2 in regulating hippocampal excitability
that may initiate seizures and hippocampal oscillatory activity that may contribute to seizure

propagation (Lehr et al., 2021).

One study demonstrated that CA2 controls the excitability of the hippocampal network,
influences the nature of hippocampal oscillations, and regulates sensitivity to kainic acid
(Boehringer et al., 2017). Here, they found CA2 activity recruits feed forward inhibition onto the
recurrent CA3 network, and acute silencing of CA2 increased CA3 recurrent network excitability
in vitro. Accordingly, chronic silencing of CA2 in vivo resulted in hyperexcitability of CA1 and CA3
and epileptiform-like spiking in the region, where HFOs associated with epileptiform activity were
observed in CA1l. Finally, chronic silencing of CA2 increased behavioral sensitivity to KA seizures
in the same experimental paradigm that was used in this body of work. The findings in this report
stand contrary to our hypothesis that behavioral seizure sensitivity to KA in RGS14 KO is a result
of a hyperactive CA2. However, it should be noted that the connectivity and strength of the
inhibitory network in RGS14 KO CA2 and CA3 has not been evaluated, so it is unknown whether
feedforward inhibition onto CA3 by CA2 would similarly exist in RGS14 KO mice. Related, the
epileptic CA2 has reduced inhibitory input (Whitebirch et al., 2022) and reduced expression of
interneurons (Kilias et al., 2022), and if CA2 in RGS14 KO mice is similar to epileptic CA2, then
we may also observe deficits in inhibition in RGS14 KO CA2. Additionally, chronic silencing of

CA2 may have unforeseen consequences that alter hippocampal excitability not attributable to
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CAZ2 PCs alone, including dysregulated activity of output structures regulated by CA2 or changes
in local hippocampal circuitry or glial contributions. Along these lines, acute silencing of CA2 PCs
did not trigger CA1 or CA3 hyperexcitability that was observed in chronic silencing conditions.
Furthermore, this report did not evaluate hippocampal hyperexcitability events or epileptiform
activity after enhancing CA2 activation, which may differ from acute or chronic silencing. However,
it is possible that loss of RGS14 does not alter seizure initiation in the hippocampus, where the
potentially hyperactive CA2 has no effect on seizure generation in the CA2/CA3 network or
RGS14 expression outside of CA2 is more important for KA sensitivity (contributions of

extrahippocampal RGS14 discussed further below).

KA-induced epileptiform activity in the hippocampus is associated with nonconvulsive
seizures, while convulsive seizures stemming from limbic activation suggest propagation to
extrahippocampal structures like the neocortex and motor cortex (Levesque and Avoli, 2013; Tse
et al., 2014). Agreeing with this, we found that RGS14 KO mice progressed similarly through
early, nonconvulsive seizure staging (Stages 1 and 2; data not shown), and genotype differences
only emerged during convulsive, Stage 3 seizure activity. Additionally, loss of RGS14 dramatically
hastened the mortality of mice, suggesting that epileptiform activity may propagate quicker to
hindbrain structures controlling autonomic functions like heart rate and breathing (Li and
Buchanan, 2019). Therefore, it may be more likely that RGS14 in CA2 gates output of seizure
activity to CA1 and/or other outputs that would allow seizure activity to propagate more quickly
out of the hippocampus. Because CA2 has a wide, bilateral output along and out of the
hippocampus (Cui et al., 2013; Mercer et al., 2007), increased excitation onto and out of CA2 in
RGS14 KO mice may propagate seizure activity to these regions more rapidly. Future studies can
utilize CA2-specific deletion of RGS14 paired with EEG recording or voltage-dye measurements

in the different hippocampal subregions of acute hippocampal slices in vitro or different CA2
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output regions in vivo to better understand how the loss of RGS14 in CA2 specifically gates

epileptiform activity within the hippocampus and propagates out of it.

In support of RGS14 regulating seizure propagation, CA2 has been repeatedly shown to
regulate and possibly initiate certain forms of hippocampal oscillations, which are associated with
the transition of synchronized neuronal activity from CA3 to CA1 and to extrahippocampal regions
(Oliva et al., 2023). Gamma oscillations involve neuronal synchronization with firing rates between
30-100 Hz (low gamma 30-50 Hz; high gamma 50-100 Hz) (Colgin et al., 2009). Physiologically,
hippocampal gamma oscillations are thought to underlie memory encoding (high gamma) and
retrieval (low gamma) (Colgin et al., 2009), and recent evidence has demonstrated CA2 modifies
hippocampal and extrahippocampal low gamma oscillations (Oliva et al., 2023). Enhancement of
CAZ2 activity increases low gamma power in the hippocampus, and this activity coincides with
increases in low gamma power in the medial prefrontal cortex, suggesting gamma oscillations in
the hippocampus and then propagation to cortical structures is modified by CA2 activity
(Alexander et al., 2018). During seizure activity caused by KA, low gamma oscillations occur early
after KA administration in the hippocampus and have been proposed as a mechanism of seizure
propagation from the limbic system to cortical regions associated with convulsive seizures
(Levesque et al., 2009; Medvedev et al., 2000). Furthermore, increases in gamma power in the
cortex are associated with convulsive seizures in KA-treated mice (Tse et al., 2014). If CA2 activity
also modulates gamma oscillations during KA-induced seizure, then it may be that the increased
excitability of CA2 in RGS14 KO mice enhances or quickens the formation of KA-induced low
gamma oscillations in the hippocampus and expedites propagation of seizure activity to cortical

structures and elsewhere.

Additionally, several reports now have shown that CA2 also regulates another important
form of oscillatory activity: SPW-Rs, which are thought to facilitate memory transfer from the

hippocampus to the neocortex and originally attributed to CA3 activity (Buzsaki, 2015; Oliva et
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al., 2023). SPW-Rs originate from hypersynchronized bursts of CA3 PC firing onto CA1 dendrites
that massively depolarizes CA1 PCs (sharp wave) followed by a 100-250 Hz oscillation in CA1
(ripple). This type of activity resembles interictal spikes and HFOs that precede seizure events in
TLE and are generated by similar mechanisms, where sharp waves and spikes both originate
from hypersynchronous firing of excitatory pyramidal cells and ripples and HFOs both rely on
coordinated synchronicity of excitatory and inhibitory neuron populations (Buzsaki, 2015). CA2
can initiate SPW-Rs that can propagate to CA1 similar to CA3, and CA2 activity modulates the
power of SPW-Rs in the hippocampus and cortex (Alexander et al., 2018; Oliva et al., 2016).
Pathologically, SPW-Rs in the hippocampus are detected during KA-SE and in spontaneous
seizures that develop following KA-SE (Buzsaki, 2015). RGS14, by enhancing the excitability of
CA2, may therefore regulate SPW-R generation or the intensity of such events during seizure
activity and represents another possible mechanism by which epileptiform activity can propagate
out of the hippocampus more rapidly in RGS14 KO mice. Furthermore, gap junctions also seem
to play an important role in generating SPW-Rs (Mylvaganam et al., 2014), and potential gap
junction dysfunction in RGS14 KO hippocampi may offer another mechanism by which RGS14
could regulate this type of oscillation. To test this idea, follow-up studies could use in vivo EEG
recordings in the hippocampus and associated structures (ideally paired and correlated with video
of behavioral seizures) to determine if low gamma oscillations and/or sharp wave ripples are
altered in RGS14 KO mice at rest or during seizure activity and if such changes correlate with

progression of behavioral seizures.

Outside of the hippocampus, RGS14 expression and regulation in temporal lobe
structures like the amygdala, entorhinal, and piriform cortex may also be important for behavioral
seizure sensitivity to KA in RGS14 KO mice (Evans et al., 2014; Squires et al., 2021). The
amygdala is of particular importance as it is highly susceptible to the seizurogenic and

pathological effects of KA and electrical kindling (Ben-Ari et al., 1980; Mcintyre and Gilby, 2008))
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and exhibits synchronized epileptiform activity with the hippocampus (Levesque et al., 2009).
RGS14 was recently shown to be expressed in the central amygdala (Squires et al., 2021), and
although its function in this region remains untested, RGS14 here may be important for cued fear
response and likely governs some aspect of neuronal function (Alexander et al., 2019).
Epileptiform activity from the electrically stimulated central amygdala causes kindling of seizure
activity to the perirhinal and piriform cortexes much quicker than stimulation of other amygdala
nuclei, and central amygdala kindling with the perirhinal cortex was associated with forelimb
clonus (Stage 3 seizure activity from the paradigm in our work) (Mohapel et al., 1996). Because
global loss of RGS14 also decreased the latency to Stage 3 seizure activity (Fig. 9, 10) (Harbin
et al., 2023), it is reasonable to hypothesize that RGS14 may regulate the propagation of seizure
activity from the central amygdala to cortical structures. Interestingly, the amygdala (and
specifically the central amygdala) is also connected to autonomic structures that regulate
respiration, and stimulation of the central amygdala has been consistently shown to alter
respiration patterns (Krohn et al., 2023). Several reports have demonstrated that the spread of
seizure activity to the amygdala in humans are associated with apnea (temporary cessation of
breathing) and oxygen desaturation (Dlouhy et al., 2015; Nobis et al., 2019; Rhone et al., 2020),
and stimulation of the amygdala induces apnea in epileptic patients (Dlouhy et al., 2015; Rhone
et al., 2020). If RGS14 regulates the excitability of the central amygdala (as it does in CA2), then
loss of RGS14 could cause faster seizure propagation out of the central amygdala, which may

contribute to the observed expedited mortality in RGS14 KO mice.

The parahippocampal cortexes (including the entorhinal and piriform cortices) are tightly
connected to the hippocampus and amygdala of the limbic system and therefore are also
implicated in temporal lobe seizure generation (Vismer et al., 2015). RGS14 is expressed in layers
[I/11l of the entorhinal cortex and layer Il of the piriform cortex, where its expression is more intense

in the piriform cortex relative to the entorhinal cortex (Evans et al., 2014). Both the entorhinal
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cortex and piriform cortex regulate sensory information transmitted to the limbic system (notably
the hippocampus and amygdala), and, being highly interconnected themselves and with other
cortical regions, these regions are highly seizurogenic and can help further synchronize neuronal
activity to increase seizure intensity and propagation (Vismer et al., 2015). Of note, excitatory
neurons of layers Il and Il of the entorhinal cortex send powerful excitatory drive to CA2, form
LTP at synapses, and drive CA2 firing, which is opposite to what is measured at input from CA3
(Chevaleyre and Siegelbaum, 2010). Although the role of RGS14 in either of these regions is
currently unknown, it stands to reason that RGS14 may help limit excitability, neuronal
synchronization, seizure initiation, and seizure propagation within these regions as hypothesized
in the limbic system. To assess RGS14’s role in regulating seizure activity in extrahippocampal
regions, future studies may utilize a combination of region-specific knockdown of RGS14, in vivo
EEG recordings in the amygdala, entorhinal cortex, and piriform cortex, and paired measurements
of behavioral seizure activity and autonomic function (e.g., respiration). Correlation between
enhanced seizure activity in regions where RGS14 has been deleted and behavioral or
physiological output would help unravel the role of RGS14 in controlling activity of these regions
and if they are important for seizure phenomena similar to what has been described in this report.
Additionally, using neuronal activity markers (e.g., c-Fos) shortly after seizure activity would also
be important for identification of regions exhibiting increased neuronal activity in RGS14 KO mice

(MclIntyre and Gilby, 2008).

Lastly, there may be peripheral mechanisms that govern RGS14 KO sensitivity to KA. Our
proteomics results suggested a potential alteration of BBB permeability as some proteins
upregulated in RGS14 KO were associated with “Transport Across Blood Brain Barrier” at
baseline (Fig. 12D), (Harbin et al., 2023) which may affect the uptake of KA into the brain. Out of
the 8 upregulated proteins in RGS14 KO, Abcbla (P-glycoprotein) was the only one that could

influence BBB permeability (Table 2) (Harbin et al., 2023). However, we think this is unlikely as
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P-glycoprotein effluxes drugs out of the brain and its upregulation would suggest less BBB
penetrability (Schinkel, 1999). Additionally, KA crosses the BBB via passive diffusion, while P-
glycoprotein utilizes active transport for membrane shuttling (Gynther et al., 2015; Schinkel,
1999), further arguing against BBB permeability as a mechanism of KA sensitivity in RGS14 KO
mice. As another possibility, a recent study demonstrated increased blood flow to hindlimb
skeletal muscle in RGS14 KO mice (Vatner et al., 2023), indicating enhanced perfusion may
accelerate effects of KA. However, this effect was mediated by RGS14 actions in brown adipose
tissue and likely does not suggest enhanced hippocampal perfusion that may contribute to the
expedited behavioral effects of KA. As a final consideration, it is possible that RGS14 expression
in cardiomyocytes or elsewhere in the periphery may contribute to expedited mortality in RGS14
KO mice, although RGS14-KO mice have normal cardiac function at baseline (Li et al., 2016).
Even so, to mitigate influence of systemic effects, future experiments will measure epileptiform
activity in acute slices from RGS14 KO mice in vitro or use intracerebral administration of KA to

induce seizure activity in vivo.

4.3. Factors that may influence susceptibility to seizures and pathology based on hippocampal

proteomics

Because RGS14 influences a number of intracellular signaling pathways and suppresses
glutamatergic signaling in CA2 PCs (Harbin et al., 2021), we hypothesized that the ablation of
RGS14 would cause pronounced changes in hippocampal protein dynamics at baseline that may
help explain enhanced susceptibility to KA-SE. Because RGS14 is most abundantly expressed in
CA2 PCs (relative to other subregions) in the hippocampus at baseline (Fig. 11) (Harbin et al.,
2023), it is likely that any hippocampal proteome changes in RGS14 KO mice reflect the absence
of RGS14 in CA2 and altered function of the region. However, it is possible that altered function
of extrahippocampal regions that also express RGS14 and provide input to the hippocampus

(e.g., central amygdala and parahippocampal cortices) also contribute to effects on protein
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expression in the hippocampus. To assess these changes, we performed proteomics on WT and
RGS14 KO hippocampal lysates after saline injection to identify proteins that were differentially
expressed (DEPs) between genotypes and using GO to identify biological and cellular processes
associated with DEPs (Fig. 12, Table 2). (Harbin et al., 2023) Although we have used this
approach to identify novel RGS14 interacting partners in the brain (Evans et al., 2018a), this is
the first time to our knowledge that molecular consequences from RGS14 KO have been

evaluated anywhere in the brain.

Expectedly, our analysis showed that downregulated proteins were associated with G
protein dependent signaling in RGS14 KO including Gnas (Gas). This may reflect aberrant G
protein signaling within the hippocampus and compensatory response from RGS14 KO as RGS14
modulates AC activity and subsequent cAMP accumulation via its GAP activity on activated Gay,
subunits. CA2 receives numerous neuromodulatory inputs, and there are a number of GPCRs
abundant in CA2 that modulate its function, particularly synaptic plasticity (Lehr et al., 2021). One
such GPCR is the Gaye-coupled GPCR Al1R, which is of particular interest in epilepsy as
adenosine is generally considered anticonvulsive by decreasing neuronal excitability or
neurotransmission (Spanoghe et al., 2020). Accordingly, A1R knockout in mice enhances
susceptibility to KA-SE, where these mice exhibited enhanced seizure propagation and pathology
(Beamer et al., 2021). A1R antagonism enhances excitatory transmission and restores synaptic
plasticity at CA3>CA2 synapses (Lehr et al., 2021), and it is possible RGS14 inhibits G-protein
signaling downstream of A1R by deactivating Gaio. If so, we would expect enhanced A1R and
Gai, signaling and lower levels of cAMP in CA2 of RGS14 KO mice. However, downregulation of
Gassuggests enhanced Gasor depressed Gai, signaling, and loss of RGS14 increases sensitivity
to KA-SE, which reflects RGS14’s anticonvulsant effects are likely not mediated through GAP
effects on A1R. Related, evidence suggests that the RGS domain by which GAP activity is exerted

may be less important in CA2 relative to its other domains (Squires et al., 2021). Supporting this,
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inhibition of PKA, which is activated by cAMP, restores plasticity in RGS14 KO CA2 and indicates
that RGS14 inhibits PKA activity at least during glutamatergic stimulation, which is opposite of

what would be expected if RGS14 was primarily a GAP (Evans et al., 2018b).

RGS14 also binds Rap2 in rodent brain (Mittal and Linder, 2006; Traver et al., 2000), and
decreased expression of Rap2c could also be due to a similar negative feedback response. If
RGS14 binds Rap?2 to inhibit its signaling in the hippocampus, then loss of RGS14 may enhance
Rap2 mediated signaling and would require compensatory expression changes seen here. Rap2
mediates activation of JNK signaling and shifts signaling away from ERK activation (Ye and
Carew, 2010), and decreased Rap2 expression may represent a compensatory response from
enhanced JNK signaling or result in enhanced ERK signaling. A recent study demonstrated
RGS14 in hepatocytes inhibits JNK and p38 MAPK signaling (but not ERK), demonstrating
RGS14’s broad control over small, monomeric G-protein and associated MAPK signaling (Zhang
et al., 2022). Additionally, RGS14 binds activated H-Ras and Raf kinases upstream of ERK
activation to limit ERK signaling (Shu et al., 2010; Vellano et al., 2013), and it is feasible that
RGS14 KO enhances ERK signaling. Supporting this, RGS14 limits plasticity through a
MEK/ERK-dependent mechanism in CA2 (Lee et al., 2010), and our proteomics data showed
upregulated proteins were associated with receptor tyrosine protein phosphatases that may
indicate enhanced kinase signaling (Fig. 12) (Harbin et al.,, 2023). MAPK signaling arms
(MEK/ERK, JNK, and p38) can be activated by either GPCR or RTK signaling and affects
properties of neuronal excitability through various mechanisms (Ye and Carew, 2010). KA
administration causes activation of hippocampal MAPK signaling (Jeon et al., 2000), and
modulation of the various MAPK signaling arms can differentially alter seizure susceptibility
depending on the model of seizure induction (Hu et al., 2020; Nguyen et al., 2022; Tai et al.,
2017). Therefore, dysregulation of MAPK signaling in CA2 (or elsewhere in the hippocampus) in

RGS14 KO mice may also contribute to the susceptibility to KA-SE.
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We also found that proteins associated with morphogenesis were downregulated in
RGS14 KO hippocampi, which was expected as we have shown RGS14 inhibits glutamate-
dependent increases in CA2 dendritic spine volume. Along these lines, RGS14 likely plays a
major role in limiting glutamate signaling through NMDAR-dependent processes as RGS14 limits
NMDAR-dependent calcium influx and plasticity (Evans et al., 2018b). By suppressing calcium
transients form glutamate stimulation, RGS14 likely limits CA2 PC depolarization and calcium-
dependent enhancement of synaptic potentiation and neuronal firing during seizure activity, which
may contribute to sensitivity to KA-SE. RGS14 binds to Ca?*/CaM and CaMKIla and likely
regulates their function in some capacity (Evans et al., 2018a), although if and how this occurs
remains untested. CaM and CaMKIl modulate the activity of hundreds of proteins and trigger
downstream signaling that have profound consequences on neuronal excitability (Ben-Johny and
Yue, 2014; Liu and Murray, 2012). As it relates to seizures, inhibition of CaMKIl enhances seizure
susceptibility and epileptiform activity originating from the limbic system in vivo (Butler et al., 1995)
and in hippocampal slices in vitro (Butler et al., 1995). Therefore, calcium signaling dysregulation

may also be important for the sensitivity of RGS14 KO mice to KA-SE.

Interestingly and unexpectedly, the GO pathway “Response to Prostaglandin Stimulus”
was enriched in downregulated proteins caused by RGS14 KO (Fig. 12) (Harbin et al., 2023).
Prostaglandins exert their effects through a number of GPCRs, including those coupled to Gi/o
(Hata and Breyer, 2004), where RGS14 could limit their activity by acting through its GAP/RGS
function. Prostaglandins like prostaglandin E2 (PGE2) are known to regulate membrane
excitability, seizure response, and inflammation in the hippocampus (Chen and Bazan, 2005;
Jiang et al., 2013; Rojas et al., 2014), which is coincident with the phenotype of RGS14 KO.
Prostaglandins are synthesized from arachidonic acid via cyclooxygenases COX1 or the inducible
COX2 (which is heavily implicated in seizure pathology) and exert their seizure-modifying effects

through a variety of intracellular signaling pathways (Rojas et al., 2019), several of which RGS14
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interacts with and regulates (Harbin et al., 2021). Also unexpected were GO terms associated
with apoptosis, which suggests RGS14 influences components of apoptotic signaling in the
hippocampus as it does in hepatocytes (Zhang et al.,, 2022), lipid membrane dynamics,
distribution, and signaling, which may indicate RGS14 regulates the balance of lipid species
through some unknown mechanism, and acetylcholine neurotransmission, which is well
characterized as influencing seizure susceptibility in the hippocampus as demonstrated by the
widespread use of seizure induction using muscarinic agonist PILO (Curia et al., 2008) and may
reflect alterations in cholinergic input from areas like the lateral and medial septum that have are
regulated by CA2 activity (Leroy et al., 2018; Pimpinella et al., 2021). Finally, one of the most
enriched and unexpected of enriched GO terms were related to DNA methylation and NOS
activity. NOS is regulated by a number of extracellular and intracellular mediators, and NO is able
to modulate neuronal excitability through post-translational mechanisms on ion channels that may
contribute to enhanced excitability in CA2 (Spiers and Steinert, 2021). Supporting this, we found
that 3-NT (a product of NO and Oy) is massively induced in RGS14 KO CA2 at baseline (Fig. 17)
(Harbin et al., 2023), suggesting the enhanced production of NO in CA2 that may affect cellular
function of PCs and the surrounding environment as NO is able to diffuse through the membrane
(Spiers and Steinert, 2021). Overall, this data suggests RGS14 alters the expression of signaling
and other cellular components, likely in CA2 PCs where it is highly expressed at baseline, to limit

susceptibility to KA-SE in mice prior to seizure induction.

Because we observed RGS14 protein was robustly induced in expression in the PCs of
area CAl1 and CA2 and this effect was largest one day following KA-SE (Fig. 11) (Harbin et al.,
2023), we presumed that proteomic analysis at this time point would provide valuable insight into
hippocampal processes that RGS14 could be affecting upon its induction. Comparing proteomes
between genotypes one day after KA-SE, we observed proteins downregulated in RGS14 KO

were associated with oxidation-reduction processes, organic molecule catabolism and synthesis,
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and fatty acid metabolism, whereas those upregulated in RGS14 KO were associated with
apoptotic response, ATP metabolism, and oxidant/antioxidant activity (Fig. 12E) (Harbin et al.,
2023), indicating that loss of RGS14 induction may promote metabolic dysfunction and oxidative
stress. Indeed, many of the DEPs in RGS14 KO hippocampi localize to the mitochondria and
make up components of the ETC, citric acid (TCA) cycle, or fatty acid metabolic pathways even
at baseline (Fig. 12A, Table 2). When identifying proteins that were significantly altered by KA
within each genotype (Fig. 13, Table 3), we found that most proteins downregulated in WT
hippocampi were highly associated with fatty acid oxidation processes, which were not seen in
RGS14 KO (Fig. 13D, E) (Harbin et al., 2023). The data here suggests that seizure activity
modulates metabolic response in WT hippocampi, and this response may be dysregulated in
RGS14 KO, particularly as it relates to fatty acid oxidation. Further supporting this idea, WGCNA
analysis identified four co-expression modules of proteins that significantly differed between WT
and RGS14 KO (Fig. 14) (unpublished data), and proteins in these modules were associated with
mitochondrial metabolism and fatty acid oxidation, especially the M5 module that followed an
expression trend similar to what in our differential expression analysis (proteins related to fatty
acid oxidation are downregulated in WT but not in RGS14 KO hippocampi) (Fig. 15) (unpublished
data). The consequence of metabolic dysregulation in RGS14 KO hippocampi could be enhanced
oxidative stress caused by seizure activity. Indeed, some proteins upregulated in RGS14 KO were
associated with regulation of oxidative stress, which was not seen in WT mice (Fig. 13D, E)
(Harbin et al., 2023). Together, this data provides compelling evidence that loss of RGS14 could
result in metabolic dysfunction, mitochondrial dysregulation, and exacerbate oxidative stress

induced by seizure activity.

Neuronal processes require energy in the form of ATP to maintain membrane potentials
and ionic gradients, facilitate neurotransmission both pre- and postsynaptically, recycle

neurotransmitters, and mediate intracellular signaling, especially in glutamatergic neurons.
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Neurons utilize the majority of ATP in the brain compared to other cell types, and the vast majority
of neuronal ATP is generated through mitochondrial oxidative phosphorylation after contributions
from glycolysis and the TCA cycle (Attwell and Laughlin, 2001). Neurons primarily use glucose
as their fuel source for ATP production but can also use other substrates like amino acids
(glutamate and glutamine), ketone bodies, and lactate, and although neurons can also use fatty
acids as fuel, metabolism of fatty acids in neurons is slower, more oxygen demanding, and
increases oxidative stress via elevation of O, (Schonfeld and Reiser, 2013). Astrocytes play a
major role in maintaining the availability of oxygen and energy substrates for neurons. Astrocytes
provide physical links from synapses to blood vessels and enhance fuel shuttling for neurons
during periods of activity while protecting neurons against oxidative stress (Belanger et al., 2011).
Astrocytes primarily generate ATP from glycolysis, but much of the brain fatty acid oxidation takes
place in astrocytes (Schonfeld and Reiser, 2013). Our WGCNA analysis indicated that two co-
expression modules (M5 and M19) were enriched with proteins associated with metabolism
(particularly fatty acid oxidation), gap junctions, and potassium ion regulation (Fig. 15)
(unpublished data), and cell-type enrichment unsurprisingly identified these modules as being
associated with astrocytes. This suggests that metabolism/fatty acid oxidation and other
processes in astrocytes may be altered in in RGS14 KO hippocampus, which may impair

astrocytic response to seizure.

Seizure activity places an intense metabolic demand on the brain as rapidly firing neurons
require large amounts of ATP, and neurons are known to enhance anaerobic glycolysis and rely
less on aerobic metabolism for ATP production during seizure (Yang et al., 2013). In RGS14 KO
mice, different expression patterns of proteins associated with aerobic metabolism in the
mitochondria indicates that RGS14 may be involved with regulating the fuel source of ATP
generation in the hippocampus during and following seizure activity. Dysregulation of fuel shifting

during or following seizure activity may therefore impact subsequent pathology after SE, where
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increased utilization of fatty acids as fuel in RGS14 KO mice could enhance oxidative stress
(Bazzigaluppi et al., 2017; Schonfeld and Reiser, 2013). Metabolic coupling between neurons and
astrocytes is vital during periods of intense neuronal activity as neurons need a constant supply
of oxidizable substrates from astrocytes because they do not store any themselves (Barber and
Raben, 2019). The abundance of DEPs in RGS14 KO mice related to lipid processes ranging
from lipid synthesis (Asah, Acat2), phospholipid regulation (Mtmr1, Dgke), fatty acid oxidation and
synthesis (Fasn, Acaala), and lipid transport (ApoB, ApoE) (Tables 2, 3) (Harbin et al., 2023)
also lends support to abnormalities in lipid dynamics and likely consequences on metabolism and
signaling. Several recent studies have demonstrated that ApoE functions as a carrier of fatty acids
(especially toxic ones) are transported from neurons to astrocytes during periods of neuronal
activity to limit oxidative stress in neurons and enhance the capacity of astrocytic antioxidant
defense (loannou et al., 2019; Qi et al., 2021). Because ApoE is downregulated by KA in RGS14
KO mice (Table 3), this may perturb neuron-astrocyte lipid shuttling, which would have impacts
on mitochondrial function and metabolism (Barber and Raben, 2019). Future studies should
evaluate metabolism in isolated neurons, astrocytes, and neuron/astrocyte co-cultures from
RGS14 KO mice to determine how RGS14 affects the metabolism of each cell type and metabolic
cooperation between the two. Overall, this data supports a novel role for RGS14 in regulating

metabolic dynamics in the hippocampus during and following seizure activity.

Even so, the idea that loss of RGS14 specifically in CA2 is responsible for hippocampal
proteome changes is limited by the fact that changes in protein expression detected by proteomics
only partially reflect those in CA2 PCs since data sets were obtained from whole hippocampi and
deletion of RGS14 was not limited to CA2. Although findings may reflect broader changes in
signaling in the hippocampus due to loss of RGS14, future studies examining cell-type specific
deletion and analysis will be needed to more accurately assess RGS14 roles in CA2 to the

observed phenotype. Additionally, alterations in the KO hippocampal proteome are only
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suggestive of potential mechanisms that influence increased seizure susceptibility and do not
establish causality. Because RGS14 regulates intracellular calcium and G protein signaling in
CA2 PCs, synaptic plasticity from CA3 PCs, and possibly other excitatory neuron populations
outside of CA2 that influence limbic seizures, we cannot definitively attribute any one cellular
process or RGS14 regulation of CA2 as the major factor of susceptibility in RGS14 KO mice.
Future studies measuring epileptiform activity in acute hippocampal slices from RGS14 KO mice
will be necessary to better define CA2’s role in seizure propagation in RGS14 KO mice, where
viral introduction of mutant RGS14 constructs that prevent its regulation of certain signaling arms
(Squires et al., 2021) could be used to determine functional domains that are responsible for its
effect on epileptiform activity. Evaluating seizure pathology from mice with CA2-specific
knockdown of RGS14 will also provide greater understanding of RGS14 function in CA2 during

pathological events.

4.4. Mechanisms by which RGS14 regulates mitochondrial function and oxidative stress

Because our proteomics supported a novel and exciting role for RGS14 in regulating
metabolic processes associated with the mitochondria, we used in vitro and in vivo approaches
to determine if and how RGS14 would be affecting mitochondrial function (Figs. 16-18) (Harbin et
al., 2023). We found RGS14 localizes to mitochondria in CA2 PCs and reduces basal and
maximal mitochondrial respiration in vitro, which corroborates previous findings that global
knockdown of RGS14 increased mitochondrial respiration and enhanced COX1 (ETC) and citrate
synthase (TCA cycle) activity in brown adipose tissue (Vatner et al., 2023; Vatner et al., 2018).
These reports also demonstrated that brown adipose tissue from RGS14 KO mice had elevated
NAD*/NADH ratios, enhanced mitochondrial biogenesis, and higher cristae density in
mitochondria, which further demonstrates enhanced mitochondrial function in RGS14 KO mice.
Although the effect of RGS14 on mitochondrial respiration was more modest in HEK cells

compared to the results in brown adipose tissue, this may reflect the preference of HEK cells for
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glycolysis over respiration (Zhang et al., 2012) or cell-specific components that RGS14 engages
with to reduce respiration in more mitochondrial-dependent cell types. Both neurons and brown
adipocytes are high in mitochondrial content and must meet intense energy demands for proper
organ function (Attwell and Laughlin, 2001; Magistretti and Allaman, 2015; Shinde et al., 2021).
Because RGS14 localizes to mitochondria in neurons, we propose RGS14 could regulate
mitochondrial function in neurons as it does in brown adipocytes (Vatner et al., 2023; Vatner et

al., 2018) and HEK cells (Fig. 16) (Harbin et al., 2023).

RGS14 mitochondrial localization in CA2 PCs is of great interest as CA2 PCs also exhibit
higher respiratory activity, more mitochondrial DNA and mitochondrial-related mRNA transcripts,
and plasticity-dependent mitochondrial calcium uptake relative to neighboring CA1 and CA3
(Farris et al., 2019). Therefore, RGS14 may be playing a functionally important role in limiting
mitochondrial function in this area. Interestingly, RGS12 (another RGS protein of the R12
subfamily with similar domain topology to RGS14) localizes to the mitochondria in primary
chondrocytes and mouse cartilage tissue along with the nucleus and cytoplasm (Yuan et al.,
2020), similar to the cellular traversing properties of RGS14. Although RGS12 expression (and
not knockdown) was shown to enhance mitochondrial function in this report, this data heavily
implicates a shared role of RGS proteins in mitochondrial function. Even though we did not directly
measure RGS14 effects on mitochondrial respiration in neurons, the fact that RGS14 is highly
enriched in CA2 neurons, localizes to mitochondria like a similarly structured RGS protein, and
reduces mitochondrial respiration in multiple cell types illustrates that RGS14 is ideally positioned
to influence mitochondrial function in CA2 PCs as well. Because neurons rely heavily on
mitochondrial oxidative phosphorylation for ATP generation (Shetty et al., 2012), follow-up studies
evaluating RGS14’s effects on mitochondrial respiration in primary neuronal cultures will be

necessary for evaluating neuronal specific effects on mitochondrial function.
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However, we were able to gain valuable insight into how loss of RGS14 affects a major
property of mitochondria: the production of ROS and associated oxidative stress. 3-NT (elevated
in RGS14 KO CA2 (Fig. 17)) is caused by the highly reactive peroxynitrite, which is an ROS
generated by the interaction between NO and O, (Ferrer-Sueta et al., 2018), and suggests
enhanced oxidative stress (Bandookwala and Sengupta, 2020). Even prior to seizure activity, the
increased abundance of 3-NT in RGS14 KO CA2 is striking and suggests RGS14 in untreated
animals contributes to mitigating ROS. Our proteomics indicates NOS activity (and therefore NO)
could be altered in RGS14 KO hippocampi at baseline, whereas RGS14 may limit the production
of Oy by its effects on mitochondrial respiration (Turrens, 2003). RGS14 may inhibit ROS
production via its inhibition of calcium transients and NMDAR-dependent signaling (Evans et al.,
2018hb). Calcium influx leads to mitochondrial O, formation in hippocampal neurons (Hongpaisan
et al., 2004), while NMDAR agonism generates NO and Oy via activation of NOS and NOX,
respectively, at the membrane (Di Meo et al., 2016). By limiting glutamatergic signaling at the
membrane during seizure activity, there is potential for RGS14 to inhibit NO and/or O, production
and subsequent oxidative stress. Follow up studies will determine if RGS14 modulates O, and/or
NO in hippocampal neurons (at baseline or following seizure activity) and utilize pharmacological

inhibition to elucidate their source(s).

Loss of RGS14 resulted in a marked suppression of SOD2 (the primary mitochondrial Oy
detoxifying enzyme) in CA2 after KA-SE, which could explain, at least in part, the elevation of 3-
NT caused by seizure activity. This is similar to what was recently shown in the brown adipose
tissue of RGS14 KO mice, where SOD2 expression was also altered and supports a conserved
role for RGS14 in limiting oxidative stress across cell types (Vatner et al., 2023). Interestingly,
SOD2 expression was increased in brown adipose tissue, which is similar to our findings in CAl
PCs but opposite of what we saw in CA2 PCs (Fig. 17, 18) (Harbin et al., 2023). Cell-type specific

regulation of MAPK signaling by RGS14 in response to injury has been reported (Li et al., 2016;
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Zhang et al., 2022), and the data from our report and of others further demonstrates RGS14
specialization of signaling control, which could be related to its effects on mitochondrial function
and ROS generation. As a result of enhanced ROS, 3-NT maodification is known to alter the
structure and activity of proteins susceptible to tyrosine nitrosylation, especially those in the
mitochondria which can have deleterious effects on its function (Ferrer-Sueta et al., 2018; Radi
et al., 2002). Indeed, SOD?2 is inactivated by 3-NT modification (Yamakura et al., 1998), which
may contribute to further O, production and oxidative stress (Holley et al., 2011). Related, SOD2
deficient mice develop spontaneous seizures and are more sensitive to KA-induced seizures
(Liang and Patel, 2004; Liang et al., 2012). In addition to 3-NT effects on mitochondrial enzymes,
NO and O, maodify the function of ion channels at the membrane that may influence excitability
in RGS14 KO CA2 PCs (Bogeski and Niemeyer, 2014; Radi et al., 2002; Spiers and Steinert,
2021). Therefore, loss of SOD2 and elevated 3-NT in area CA2 of RGS14 KO mice likely reflect
a cellular environment with elevated levels of O, and/or NO, which would have a major role in
promoting oxidative stress, altering cellular excitability, and contributing to seizure generation in
CA2. However, there is little evidence about how neuronal metabolism and oxidative stress in
CAZ2 regulate its excitability and seizure gating, and further studies await to uncover the role of
metabolic factors and RGS14’s effects on metabolism as it relates to seizure generation and

propagation in CA2.

To regulate mitochondrial function, RGS14 would conceivably regulate upstream signals
at the plasma membrane/cytosol (via GPCR-, MAPK-, and/or calcium-dependent mechanisms)
(Harbin et al., 2021) or engage in similar or novel mechanisms directly in the mitochondria (Benard
et al., 2012; Hollinger et al., 2001) (Duchen, 2000; Evans et al., 2018b). As mentioned previously,
RGS14 may regulate glutamatergic inductions of NO and/or O, at the membrane, but it is entirely
possible that RGS14 engages with other membrane and cytosolic components to regulate

intracellular cascades that affect mitochondrial function and generation of ROS there. Membrane-
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derived signals are capable of diffusing to the mitochondria or through structural bridges that link
the two structures in order to transduce the extracellular response to mitochondria (Montes de
Oca Balderas, 2021). Through its GAP activity, RGS14 enhances the inactivation of Gaio-
dependent GPCRs signaling, ultimately enhancing cAMP signals. PKA, the primary target of
CAMP, and its anchoring proteins (AKAPs) can localize to the mitochondria and mediate
phosphorylation of mitochondrial targets to affect mitochondrial respiration and other functions
(Horbinski and Chu, 2005). Interestingly, PKA anchoring and activity in the mitochondria is
important for localized translation of SOD2 induction (Ginsberg et al., 2003) and may represent a
potential mechanism by which RGS14 modulates SOD2 function in the hippocampus. If RGS14
does regulate SOD2 expression through this mechanism, then it would also indicate that RGS14’s
effects on cAMP-PKA signaling are different between CAl and CA2 since SOD2 expression was
increased in CAl but decreased in CA2 KA-treated RGS14 KO mice (Fig. 17, 18) (Harbin et al.,
2023). Another mechanism could be through RGS14’s interaction with Raf-Ras-MEK-ERK
signaling (Harbin et al., 2021). ERK has been shown to localize within the mitochondrial matrix in
neurons and influences mitochondrial respiration and apoptotic signaling (Horbinski and Chu,
2005). RGS14’s effects on ERK signaling are important for its suppression of synaptic plasticity
in CA2 as well as its effects on respiration in brown adipose tissue (Lee et al., 2010; Vatner et al.,
2023) and in cardiomyocytes (Li et al., 2016). Similarly, RGS14 was recently shown to inhibit INK
and p38 MAPK (but not ERK) signaling in injured hepatocytes (Zhang et al., 2022), and both of
these kinases localize to the mitochondria and modulate apoptotic response to stress (Horbinski
and Chu, 2005). Our proteomics demonstrated pathways associated with MAPK signaling to be
upregulated in WT mice but unchanged in RGS14 KO mice following KA-SE (Fig. 13) (Harbin et
al., 2023), suggesting that the loss of RGS14 dysregulates the hippocampal MAPK response to

seizure and could contribute to mitochondrial dysfunction and the observed oxidative stress.
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One of the most interesting capabilities of RGS14 is its suppression of intracellular calcium
transients through NMDAR (Evans et al., 2018b) and L-type VGCCs (Martin-Montanez et al.,
2010). One major function of mitochondria is to regulate calcium homeostasis by buffering
intracellular calcium through the mitochondrial calcium uniporter (MCU) and extruding calcium
through several exchangers, and mitochondria localize to microdomains of calcium at the plasma
membrane or endoplasmic reticulum for more effective buffering. Uptake of calcium by
mitochondria have profound effects on its function including the ability to metabolize substrates
and produce ATP (Rizzuto et al., 2012). In neurons, mitochondrial calcium uptake can influence
neurotransmission and postsynaptic responses, and it has been proposed that mitochondria are
transported to areas of elevated synaptic activity to supply localized energy demands (Kann and
Kovacs, 2007). In CA2 PCs, inhibition of the MCU was sufficient for promoting synaptic plasticity
at the otherwise resistant CA3>CA2 synapses, highlighting the importance of mitochondrial
calcium buffering in these neurons (Farris et al., 2019). Seizure activity causes large elevations
of cytosolic and mitochondrial calcium concentration in neurons (Kann and Kovacs, 2007), and
RGS14 is likely to suppress rises in cytosolic and therefore mitochondrial in CA2 PCs. Because
uptake of mitochondrial calcium can stimulate production of O, (Dykens, 1994), enhanced uptake
of mitochondrial calcium in RGS14 KO CA2 PCs may represent another means by which RGS14
controls mitochondrial function and related oxidative stress, which is thought to contribute to the

development of TLE and associated pathology (Patel, 2004).

An intriguing idea is that RGS14 acts a signaling platform in the mitochondria similar to its
role at the plasma membrane. Supporting this, many signaling proteins that RGS14 scaffolds can
localize to the mitochondria (Horbinski and Chu, 2005), and we show that RGS14 is abundant in
both the inner and outer mitochondrial membranes (Fig. 16) (Harbin et al., 2023). How RGS14
localizes to the organelle is uncertain, but unraveling the mechanisms that control its localization

to the mitochondria may provide more insight into its function here. At least one predictive
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algorithm for mitochondrial targeting sequences (MTS) suggest that RGS14 may contain an N-
terminal MTS (Fukasawa et al., 2015). Alternatively, RGS14 may bind to an effector or
chaperone to target the organelle (Schmidt et al., 2010). Additionally, whether RGS14 is
constitutively expressed in neuronal mitochondria and if its localization there is modulated by
stimulation as it has been shown for other cellular compartments is unknown. Future studies will
explore these possibilities. Nevertheless, the mitochondria is garnering attention for its capacity
as a signaling hub: sensing a variety of inputs, integrating them within the organelle, and
generating an output to affect its function or the function of other organelles. There is substantial
overlap between the mitochondria and cell as a whole regarding the inputs, sensing mechanisms,
and outputs, and there is an accumulating body of recent literature indicating the presence of
GPCRs, G-proteins, and associated effectors and scaffolds that localize to the inner and outer
mitochondrial membranes (Picard and Shirihai, 2022). The Gais-coupled endocannabinoid 1
(CB1) receptor is expressed in CAL1 PCs and localizes to mitochondria, where its activation results
in G-protein-dependent inhibition of mitochondrial cCAMP accumulation, PKA activity, and complex
| activity, and regulates synaptic plasticity and memory in the hippocampus (Benard et al., 2012;
Hebert-Chatelain et al., 2016). Purinergic GPCRs (P2YRs) are also expressed in mitochondria
and by sensing ADP/ATP can regulate mitochondrial calcium uptake (Picard and Shirihai, 2022).
Because endocannabinoid and adenosine signaling are heavily implicated in seizure disorders
(Cheung et al., 2019; Weltha et al., 2019), RGS14 may influence GPCR signaling dynamics in
the mitochondria as it does at the plasma membrane to affect mitochondrial respiration, calcium
uptake, and other functions in response to seizure activity. There is also a possibility that RGS14
modulates the uptake or efflux of mitochondrial calcium as it does at the plasma membrane.
Consequentially, RGS14 likely plays an indirect role in redox signaling as well by altering signals
to the mitochondria at the membrane or signaling within the mitochondria that affect ROS
generation, which may reflect the differential expression of mitochondrial proteins in RGS14 KO

mice. Future studies could utilize biochemical assays on isolated mitochondria using functionally
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null mutants of RGS14 to determine what components are necessary for its activity in the

mitochondria.

Of interest, an interactome analysis identified intramitochondrial membrane GTPase optic
atrophy 1 (OPA1) as an abundant binding partner of RGS14 in mouse brain (Evans et al., 2018a).
OPAL is essential for mitochondrial fusion and therefore regulates the quality of mitochondria
(Alavi and Fuhrmann, 2013). Interestingly, mitochondrial fusion requires the GTPase domain but
does not require GTPase activity, suggesting it mediates mitochondrial fusion through non-
canonical means (Cartes-Saavedra et al., 2023). Deficiency in OPA1 results in fragmented but
more motile mitochondria while decreasing basal and maximal respiration in neurons (Alavi and
Fuhrmann, 2013), which is similar to the effect of RGS14 overexpression (Fig. 16) (Harbin et al.,
2023). Interestingly, OPAL regulates glutamate-induced oxidative stress by regulating the
expression of SOD2 (Nguyen et al., 2011). If RGS14 is important for OPAL function in neurons,
then we would expect RGS14 KO mitochondria to have structural abnormalities that would likely
impair function similar to what is seen in OPALl deficient neurons. Therefore, assessing
mitochondrial anatomy (humber, size, complexity, and fragmentation of mitochondria) in neurons
from RGS14 KO mice would a provide a better understanding of what processes RGS14
regulates in the mitochondria and how its dysregulation could influence seizure-induced

pathology.

4.5. Mechanisms that RGS14 may regulate to promote glial response

Although lasting neuroinflammation is typically associated with worse seizure pathology
and outcomes, several studies suggest transient neuroinflammation following seizure is protective
in the hippocampus (Eyo et al., 2014; Liu et al., 2020; Wu et al., 2020). Loss of early microglial
activation in RGS14 KO mice was a novel finding and suggests a necessary role of RGS14 for
prompting an appropriate microglial response to seizure activity (Fig. 20) (Harbin et al., 2023).

Interestingly, lack of microgliosis in CA1/CA2 in RGS14 KO mice correlated with RGS14
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upregulation in WT CA1/CA2 (Fig. 11) (Harbin et al., 2023), suggesting RGS14 induction in
neurons is necessary for regional microglia activation, where it could promote microglia response
through a neuronal mechanism. However, glial activation by seizure activity is a complex process,
including release of chemoattractive and inflammatory factors from neurons, astrocytes, and
microglia (Eyo et al., 2017; Patel et al., 2019). Although some microglial/macrophage populations
express RGS14 mRNA (Bennett et al., 2016; Li et al., 2019), we have not observed RGS14
protein expression in microglia or astrocytes in the brain (Evans et al., 2014; Squires et al., 2018a)
or RGS14 colocalization with IBAL in CAl or CA2 at baseline or following KA-SE. Therefore, we
believe it is more likely that RGS14 promotes microglial activation via a neuron-dependent
mechanism. However, we cannot rule out a priming effect towards astrocytes and/or microglia,
where lack of RGS14 in CA2 and CAL neurons may affect astrocytic or microglial function prior
to injury. This is particularly important for astrocytic function as our proteomics identified a
possible dysfunction in astrocytic metabolism and function following KA-SE. Accordingly, we
found that, like microglia, astrocytes also fail to become reactive in response to seizure activity in
CAl1l and CA2 where RGS14 is expressed and induced following seizure (Fig. 22). Thus,
deficiency in astrocytic and/or microglial function prior to seizure activity may contribute to the
lack of their activation in RGS14 KO when seizures are induced (Eyo et al., 2017; Patel et al.,
2019). To delineate the neuronal vs glial contributions in the RGS14 KO phenotype, future studies
could examine ex vivo activation of microglia and astrocytes isolated from WT and RGS14 KO

hippocampi.

A likely candidate for the lack of neuroinflammatory response may be COX-2 and
prostaglandin signaling, which was associated with downregulated proteins in RGS14 KO mice
(Fig. 12-15) (Harbin et al., 2023). Prostaglandins and their synthesis by COX-2 have emerged as
major mediators of neuroinflammation and microgliosis, where neuronal release of prostaglandins

like PGE; can activate microglia after seizure (Rojas et al., 2019). Upon further examination, we
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found prostaglandin reductase 2 (Ptgr2) was downregulated in RGS14 KO hippocampi (Table 2,
3). Ptgr2 metabolizes a PGE2 metabolite, and its downregulation may reflect altered PGE2 levels
and subsequent altered neuroinflammation (Chen et al., 2018). Moreso, the acid ceramidase
(Asahl), which converts ceramide to sphingosine and free fatty acid, was similarly downregulated
in RGS14 KO following KA-SE (Table 2). This enzyme is required for tumor necrosis factor alpha
(TNF-a)-dependent increases in COX-2 expression and PGE2 production (Zeidan et al., 2006),
further suggesting prostaglandins like PGE2 may be an important factor in microglia response in
RGS14 KO mice. Importantly, TNF-a activation of TNF-a receptors is a critical mediator of
microglia response during seizure activity, and deletion of these receptors increased
neurodegeneration and suppressed microglia activation expression following KA (Bruce et al.,
1996), similar to what we observed in RGS14 KO hippocampus. Although promising, further
evaluation of RGS14’s role in prostaglandin synthesis, signaling, and its mediation of microglia
response via TNF-a/COX-2 signaling is needed, which can be assessed by looking at

inflammatory cytokine and COX-2 expression following seizure in RGS14 KO mice.

While altered COX pathways could be linked to microglia activation in RGS14 KO mice,
another possibility is that microglia in CA1 and CA2 are not attracted to sites of hyperexcitability
during seizure activity. While several factors mediate microglial motility, ATP/ADP has been
shown to promote microglial chemotaxis following glutamate- and KA-induced stimulation (Eyo et
al., 2014). Neuronal hyperactivity results in NMDAR-dependent release of adenosine and ATP,
and resting microglia extend processes towards the ATP gradient in a purinergic P2Y12 receptor-
dependent process, which can initiate early activation of microglia (Eyo et al., 2017). Because
RGS14 is downstream of NMDAR-dependent signaling in CA2 (and CA1 when expressed there),
it may be possible that RGS14 is a necessary component that mediates NMDAR-dependent ATP
release, and loss of RGS14 could prevent neuronal ATP release and initial response by microglia.

Moreso, genetic deletion of the purinergic P2Y12 receptor prevents microglia activation and
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worsens behavioral seizures caused by KA, similar to RGS14 KO mice (Eyo et al., 2014). Clearly,
microglial response is important for early seizure response, but further experimentation will be
necessary to properly examine how RGS14 modulates the microglia and broader

neuroinflammatory response in the hippocampus.

Astrocyte reactivity to seizures is typically delayed relative to microglia (Sano et al., 2021),
so the lack of astrocyte activation in RGS14 KO hippocampi could therefore be from a
dysfunctional release of inflammatory mediators from neurons, microglia, or other cells
(Sofroniew, 2020). Because factors that activate microglia and astrocytes are overlapping, it is
certainly possible that the aforementioned factors from neurons or the lack of microglial reactivity
and their associated release of inflammatory molecules play an equally important part in deficient
astrocytic reactivity after KA-SE (Sofroniew, 2014). However, it is interesting that our WGCNA
indicated alterations in fatty acid/lipid metabolism, gap junctions, and potassium buffering in
astrocytic modules, and these processes may also contribute to the astrocyte dysfunction in
RGS14 KO hippocampi. In addition to its effects on metabolism, dysfunction in metabolic coupling
of fatty acids between neurons and astrocytes in RGS14 KO mice could arise in altered astrocytic
reactivity and inflammation caused by seizure activity (Lee et al., 2021; Virtuoso et al., 2023).
Supporting a role for astrocytic gap junctions in glial activation, a recent study demonstrated that
deletion of connexins 30 and 43 (two primary connexins that form astrocytic gap junctions) in
adult mice promoted hippocampal microglia and astrocytic activation in the absence of injury
(Hosli et al., 2022). However, another group found that developmental deletion of both connexins
decreased astrocyte reactivity one month after KA-SE (Deshpande et al., 2020). Interestingly,
these connexins can act as hemichannels (unconnected to another cell) that release ATP and
glutamate into the extracellular space, which could also influence glial activation (Sofroniew,
2014; Xing et al., 2019), although it has been demonstrated that neuronal but not astrocytic

release of ATP is required for glutamate-induced microglial chemotaxis in the hippocampus of
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WT mice (Eyo et al., 2014). Therefore, astrocytic gap junctions may not be as important for the
glial phenotype in RGS14 KO mice, although they may contribute to other epileptic pathology
following seizure activity (Mylvaganam et al., 2014). To distinguish the contributions of microglia
and astrocytes to the lack of inflammatory response observed in RGS14 KO mice, future studies
should profile inflammatory cytokine expression in microglia and astrocytes in RGS14 KO
hippocampi prior to seizure activity to determine any differences at baseline that could affect

response and then following seizure activity.

4.6. Possible protective roles of RGS14 in CA2 hippocampus and hippocampal TLE pathogenesis

We found RGS14 protein is upregulated markedly in CA2 and CA1 PCs following seizure
(Fig. 11) (Harbin et al., 2023), similar to RGS14 upregulation in hepatocytes that is protective after
ischemic-reperfusion injury (Zhang et al., 2022). In the hippocampus, RGS14 induction may serve
as negative feedback to limit excessive calcium and aberrant signaling caused by seizure (Evans
et al., 2018b; Harbin et al., 2021). Complimentary to its influence on signaling, RGS14 induction
likely limits seizure-induced oxidative stress and mitochondrial dysfunction in CA2 PCs. While
RGS14 was also upregulated in CAl, we did not see 3-NT accumulation and observed the
opposite effect on SOD2, which was increased in CA1 compared to WT. This may reflect
compensatory mechanisms in CA1 that properly limit O, generation, 3-NT modification, and
oxidative stress despite lacking RGS14 induction. Indeed, the translational and transcriptional
profiles in areas CA2 and CA1 differ considerably, suggesting different mechanisms (Farris et al.,
2019; Gerber et al.,, 2019). Therefore, RGS14 likely modulates mitochondrial function and
oxidative stress differently between CA2 and CALl. Mechanism of RGS14 induction may also
underly how RGS14 modulates injury response. Our unpublished findings show no change in the
occupancy of the promoter region or regions upstream of the RGS14 gene, suggesting RGS14
induction involves translation of RGS14 mRNA rather than transcription. Indeed, a recent report

found RGS14 mRNA is highly abundant in the dendrites and cell bodies of CA2 and CA1 PCs,
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suggesting local translation of mMRNA as a mechanism of RGS14 induction (Farris et al., 2019).
Future experiments will employ transcriptional and translational inhibition to define the mechanism

of RGS14 induction.

Contrary to our hypothesis, we observed no injury in CA2 PCs early after KA-SE, which
was also peculiar as CA2 displayed dramatically increased levels of 3-NT that would suggest
enhanced oxidative stress and damage (Klein and Ackerman, 2003). This does suggest, however,
that RGS14 is dispensable for CA2 resistance likely due to compensatory protection from a
number of mechanisms in CA2 PCs such as strong inhibitory drive and high expression of calcium
buffering proteins (Dudek et al., 2016). Likewise, the expression of PNNs, which protect against
oxidative stress in parvalbumin interneurons and are decreased by seizure activity (Wen et al.,
2018), enclose CA2 PCs (Carstens et al., 2016) and may protect against oxidative stress induced
injury in RGS14 KO, although it is unknown whether RGS14 affects PNN expression at baseline
or after seizure. Additionally, we saw no evidence of injury in CA1 PCs, further indicating RGS14
does not play a direct neuroprotective role in the hippocampus early after seizure injury even
though RGS14 is upregulated in these neurons. Supporting this, we saw no evidence of oxidative
stress in CAl as demonstrated by 3-NT expression (data not shown). However, we did observe
FJB labeling of CA3 PCs in both WT and RGS14 KO mice, which is typical after KA-SE and
indicates both genotypes sustain injury from KA-SE. Our findings suggest loss of RGS14 results
in a clear trend towards increased FJB+ cells in CA3 (possibly due to the faster onset of SE and
increased duration of seizure activity relative to WT mice), even if not statistically significant likely
due to low sample size and high variability. Because KA likely induces CA3 cell injury through
excitotoxic mechanisms, enhanced CAS3 injury in RGS14 KO would indicate glutamatergic
activation and excitability in CA3 PCs (Ben-Ari and Cossart, 2000). Because RGS14 is not
expressed in CA3 (Fig. 11), this likely reflects a circuit mechanism where CA3 receives enhanced

excitation from CA2, mossy fibers from the DG, or elsewhere, where RGS14 regulates excitatory
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tone rather than intracellular signaling in CA3. However, using alternative routes of KA
administration (e.g. intrahippocampal) that produce more consistent seizure responses and
evaluating neuronal injury at later time points where degeneration becomes more pronounced

may better evaluate the protective capacity of RGS14 (Rusina et al., 2021).

Importantly, the capacity of RGS14 to modulate CA2 activity may be clinically relevant as
CA2 has been hypothesized to promote epileptogenesis and generate seizure activity in the
absence of CA1 and CA3 (Kilias et al., 2022; Whitebirch et al., 2022), which are susceptible to
degeneration in TLE relative to the injury resistant CA2 (Steve et al., 2014). CA2 epileptiform
activity has been reported in KA and pilocarpine models of TLE (Kilias et al., 2022; Whitebirch et
al., 2022) as well as resected tissue from TLE patients (Wittner et al., 2009). Investigation of
CAZ2’s contribution to TLE development and its influence on spontaneous seizure generation is
only in its early stages, but a recent report performed an extensive evaluation of CA2 function in
the PILO-SE model of TLE (Whitebirch et al., 2022). Here, they found that months following PILO-
SE, when spontaneous seizures have developed, CA2 function exhibited an overall increased E/|
balance as evidenced by increased intrinsic excitability of CA2 and reduced synaptic inhibition
onto CA2, which enhanced excitation onto CA1 PCs and increased intrinsic excitability in these
neurons. Moreover, acute inhibition of CA2 reduced seizure frequency in mice that developed
spontaneous seizures. In a KA-SE model, another group found that CA2 and the DG have coupled
epileptiform activity weeks following SE induction (Kilias et al., 2022). In PILO-SE, mossy fiber
connections from DG to CA2 were also found to drive excitation over inhibition in CA2 (Whitebirch
etal., 2022). In both PILO-SE, KA-SE, and resected TLE tissue, mossy fiber sprouting, a common
pathological hallmark of TLE, has been reported to occur in CA2 and is thought to enable the
development of epileptiform activity in the hippocampus and spontaneous seizures (Althaus et

al., 2016; Freiman et al., 2021; Haussler et al., 2016).
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This evidence supports the idea that CA2 is involved in promoting seizure activity in TLE
and supports our findings that RGS14 in CA2 PCs would influence excitability of this region and
in the hippocampus to modulate behavioral seizures. However, because our analysis only
evaluated seizure pathology in the acute phase prior to spontaneous seizure activity, it is currently
unknown whether RGS14 is involved in the development of TLE. Spontaneous seizure activity
has never been demonstrated in RGS14 KO mice, and, furthermore, RGS14 KO mice live longer
than WT counterparts without any apparent pathology (Vatner et al., 2018), suggesting loss of
RGS14 is not deleterious for unchallenged mice. However, a tantalizing hypothesis is that RGS14
is a crucial component upon pathological insult. Others have demonstrated that loss of RGS14 is
usually beneficial until injury is induced (Li et al., 2016; Zhang et al., 2022), which then causes a
more deleterious response in animals lacking RGS14, and our findings here indicate a similar role
in hippocampal injury (Harbin et al., 2023). TLE is commonly acquired through traumatic brain
injury, hypoxia, SE, or other insults, where initial injury spurs epileptogenesis and eventual
spontaneous seizures (Devinsky et al., 2018; Tatum, 2012). We propose that RGS14 is likely to
regulate this response and prevent pathogenesis based on our findings, the relevance of RGS14

to injury response, and the increasing implication of CA2 to seizure development.

By regulating CA2 excitability, RGS14 would likely play an important part in controlling
hippocampal excitability and propagation of epileptiform activity to CA1 and extrahippocampal
structures in the epileptic brain. Because RGS14 is a plasticity inhibiting protein (Lee et al., 2010),
it could also be likely that RGS14 limits synaptic potentiation and excitatory drive from sprouting
mossy fibers, thereby limiting pathological rewiring of the hippocampus. RGS14’s effects on
mitochondrial function, metabolism, and oxidative stress may also help limit redox-related
changes that might cause cellular dysfunction (Fig. 3-10, Tables 2, 3) (Harbin et al., 2023 and
unpublished data). Of great interest is how the lack of microglia and astrocyte activation in the

hippocampus affects the development of TLE in RGS14 KO mice (Fig. 20-22) (Harbin et al., 2023
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and unpublished data). There is considerable evidence demonstrating a detrimental effect of
prolonged neuroinflammation as it relates to hippocampal damage and seizure development
(Vezzani et al., 2011). However, the absence of transient glial response to seizure activity may
be of pathological consequence as well. Therefore, an important follow-up study to the work
conducted here will be the long-term monitoring of RGS14 KO mice for spontaneous seizure
activity (latency to spontaneous seizures, frequency of spontaneous seizures, etc.) following SE
induction and hippocampal pathology (neuronal loss, neuroinflammation, and mossy fiber
sprouting) in the chronic phase of epileptogenesis. Based on our observations here, we would
expect that loss of RGS14 would expedite the development of spontaneous seizures by
influencing TLE pathology in the hippocampus, likely through CA2-dependent mechanisms but

with the possibility of non-CA2 contributions as well.

4.7. Future directions

Although the findings from this work are compelling, they generate more questions than
answers but open up many avenues of future experimentation that will be necessary to identify
the mechanism(s) by which RGS14 is affecting seizure behavior and pathology. While previous
sections of this chapter briefly touch on future directions that stem from each finding, the following
will provide a more detailed and cohesive guide for follow-up studies that would expand upon the
findings of this dissertation. Many experiments could be imagined, but | will focus broadly on five
avenues of investigation that should help unravel the contributions of RGS14 to the main effects
observed in the RGS14 KO mice: 1) Measurements of electrical activity in acute hippocampal
slices under epileptiform conditions; 2) EEG measurements in and outside of the hippocampus
and physiological monitoring of peripheral effects; 3) Evaluation of mitochondria morphology and
function in neurons expressing or not expressing RGS14 and identification of domains within
RGS14 necessary for localization and effects on mitochondria; 4) Further characterization of

RGS14’s effects on glia (astrocytes and microglia) at baseline and following seizure and other
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promoters of neuroinflammation; 5) The development of spontaneous seizures, pathology, and

behavioral impairment associated with TLE.
4.7.1. In vitro measurement of epileptiform activity in acute hippocampal slices

To evaluate RGS14 function in CA2 and its possible contributions to quicker seizure
initiation, mice with site-specific deletion of RGS14 in CA2 can be generated using the CrelLox
system, where WT mice expressing Amigo2-Cre (i.e., Cre expression under the CA2-specific
Amigo2 promoter) are injected with AAV-Cre virus containing siRNA targeted towards RGS14 in
area CA2 (CA2-RGS14 KO) (Hitti and Siegelbaum, 2014; Kim et al., 2018). After verifying
knockdown of RGS14 specifically in CA2, acute hippocampal slices can be obtained from WT,
CA2-RGS14 KO, and global RGS14 KO mice. Bath incubation of artificial cerebrospinal fluid
(ACSF) with high concentrations of K* or low concentrations Mg?* can be used to induce
epileptiform activity in hippocampal slices (Raimondo et al., 2017). Direct measurement of
electrical activity prior to and during seizure activity could ideally be achieved with a multi
electrode array (MEA) that can simultaneous measure local field potentials in each layer of each
CA field of the hippocampus (Filatov et al., 2011). These measurements would provide both
spatial and temporal localization of epileptiform activity specifically within the hippocampus of
mice with RGS14 (WT), mice lacking RGS14 in only CA2 (CA2-RGS14 KO), and mice completely
devoid of RGS14 (RGS14 KO). If RGS14 plays arole in seizure initiation in the hippocampus, we
would expect quicker generation of epileptiform dynamics, possibly originating in CA2, in the
RGS14 KO mice relative to WT mice. If RGS14 does this by specific regulation of CA2 activity,
we would likely observe similar results between RGS14 KO and CA2-RGS14 KO hippocampi, but
similar temporal-spatial generation of epileptiform activity between WT and CA2-RGS14 KO
hippocampi would indicate RGS14 expression outside of the CA2 is more important for seizure
initiation. However, if RGS14 does not affect seizure initiation in the hippocampus, we would find

no differences in hippocampal epileptiform generation between the three mice, and this would
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suggest RGS14 is more important for the propagation of epileptiform activity out of the

hippocampus.

4.7.2. In vivo EEG measurements of epileptiform activity and physiological monitoring of

respiratory and cardiac function

Similar experiments in vivo could be performed with the three genotypes of mice stated
above. These experiments would evaluate how loss of RGS14 globally or specifically in CA2
effects initiation of epileptiform activity within the hippocampus and its propagation to associated
structures like the amygdala, where RGS14 is also expressed, and neocortex or motor cortex that
is associated with motor seizure activity (Medvedev et al., 2000; Tse et al., 2014). To initiate
seizure activity specifically in the hippocampus and reduce mortality, KA could be administered
intrahippocampally, and epileptiform activity would be measured using depth electrode recordings
in the hippocampus, amygdala, and cortex. Faster generation of epileptiform activity in the
hippocampus of RGS14 KO mice would suggest RGS14 regulates seizure generation in the
hippocampus, and similar observations in CA2-RGS14 KO mice would imply that RGS14 does
so by affecting CA2 activity. If hippocampal epileptiform activity is similar between WT and CA2-
RGS14 KO mice, then it is more likely that RGS14 does not affect the initiation of hippocampal
epileptiform activity via CA2 regulation. Alternatively, similar observations of hippocampal
epileptiform activity between the three genotypes would support the idea that RGS14 does not
play a role in limiting the initiation of hippocampal epileptiform activity. During motor seizure
activity, we would likely see coincidental epileptiform spiking in the neocortex and/or motor cortex
(Medvedev et al., 2000; Tse et al., 2014), and we would expect RGS14 KO mice to have a quicker
propagation of epileptiform activity to these regions based on quicker entry into Stage 3 seizure
in RGS14 KO mice (Harbin et al., 2023). Additionally, similar latencies of epileptiform propagation
to these regions (likely coinciding with decreased latency to Stage 3 seizure activity) between

RGS14 KO and CA2-RGS14 KO mice would indicate that RGS14 regulates CA2 specifically to
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limit epileptiform propagation out of the hippocampus. Alternatively, a lack of effect in CA2-RGS14
KO mice would suggest RGS14 regulation outside of CA2 is responsible for the observed
behavioral effects seen in this dissertation. Because CA2 regulates hippocampal oscillations
(Oliva et al., 2023), power spectral analysis could be performed on local field potentials to
measure the types and degree of oscillatory activity in the hippocampus during seizure and its
oscillatory spread to the amygdala, neocortex, or motor cortex. If RGS14 does control
hippocampal synchronization and the spread of oscillatory activity, then we would expect RGS14
KO and likely CA2-RGS14 KO mice to either generate certain types of oscillations (e.g., gamma)

quicker or more intensely in the hippocampus and accelerate the spread to associated areas.

We may also see quicker development of epileptiform activity to the amygdala as a result
of faster propagation in RGS14 KO or CA2-RGS14 KO mice. Because the effects on latency to
mortality were more robust, it would also be advantageous to measure cardiac and respiratory
activity in these mice to determine if mortality during SE is caused by cardiac arrest or respiratory
depression, respectively. Because the amygdala (and specifically central amygdala where
RGS14 is expressed) centrally regulates breathing, the spread of epileptiform activity may
correlate with cessation of breathing and mortality (Dlouhy et al., 2015; Nobis et al., 2019; Rhone
et al., 2020). Therefore, simultaneous measurements of cardiac/respiratory activity and neuronal
activity may provide greater insight into why RGS14 KO mice succumb much quicker than WT
mice during SE. Regardless of genotype, we may find a strong correlation between propagation
of epileptiform activity to the amygdala and respiratory depression. If RGS14 regulates its effects
on SE-induced mortality through a central mechanism, then we would expect to see quicker
propagation of seizure activity to the amygdala (or elsewhere) that correlates with quicker entry
into respiratory depression in RGS14 KO mice. RGS14 may accomplish this by regulating CA2
activity, where CA2-RGS14 KO mice would behave similarly to RGS14 KO mice (i.e., faster

development of coincidental amygdala epileptiform activity and respiratory depression). If
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RGS14’s effects on mortality are mediated by its expression in the amygdala or elsewhere in the
brain, then we would likely see similar results between WT and CA2-RGS14 KO mice and require
further evaluation of RGS14’s role outside of CA2. However, a lack of respiratory depression or
alteration of cardiac activity in RGS14 KO mice would indicate an alternative means by which

RGS14 affects mortality during SE.

4.7.3. Evaluation of RGS14’s effects on neuronal mitochondria

Deeper characterization of RGS14’s function in neuronal mitochondria would likely provide
greater understanding of how RGS14 limits oxidative stress and further expand on RGS14’s
already multifunctional nature in neurons. Using primary hippocampal cultures, we could
transduce neurons with full length RGS14 or various truncation mutants (omitting certain domains
of the protein) and use immunocytochemistry targeted towards RGS14 and a mitochondrial
marker (e.g., COX-1V) to determine what region(s) of RGS14 are necessary for its localization to
mitochondria. This experiment would likely lead to the identification of an MTS, which could then
be mutated in future experiments to distinguish RGS14’s effects at the mitochondria vs. effects
upstream of mitochondria that could also alter its function. In the same model system (RGS14 full
length vs functional or truncation mutants), we could evaluate oxygen consumption rate of
neurons and the effects of RGS14 and the importance of each domain on oxygen consumption.
Because our proteomics revealed a potential dysregulation of fatty acid metabolism, a similar
experiment could be performed but instead evaluating fuel flexibility of neurons with functional
RGS14 or mutant RGS14 to determine if RGS14 shifts energy substrates from primarily glucose
to fatty acids or other biomolecules (Qi et al., 2021). Additional studies in this system could include
more direct measurements of ROS and oxidative stress using mitoSOX to evaluate superoxide
production generated from the mitochondria (Baek et al., 2018) and calcium buffering capacity of
mitochondria using calcium fluorescent indicators targeted to the mitochondria, such as

mitochondrial-targeted Yellow Cameleon 3.6 (Calvo-Rodriguez et al.,, 2020). Moreso,
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measurement of NO in fixed cells in primary hippocampal neurons using 4-amino-5-methylamino-
2' 7'-difluorofluorescein diacetate (DAF-FM) (Tjalkens et al., 2011) and evaluating the effects of
RGS14 (and mutants) on NO production would be important for determining how RGS14 limits
oxidative stress. These experiments could be performed at baseline and during glutamatergic
stimulation to simulate repeated neuronal activity. Furthermore, if an MTS is identified and can be
mutated to prevent RGS14 mitochondrial localization, then it would be advantageous to compare
WT RGS14 to MTS-mutant RGS14 in these experiments to distinguish the effects between
RGS14 within mitochondria and RGS14 outside of the mitochondria. Last, using fixed
hippocampal tissue from RGS14 KO mice and relevant immunohistochemical markers, several
properties of mitochondrial morphology should be evaluated like the number and size of
mitochondria, the extent of mitochondrial fusion and fission, and mitochondrial abnormalities (e.g.,
swelling) at baseline or following seizure activity. Together, this suite of experimentation would

greatly improve our understanding of RGS14’s role in mitochondrial function.

4.7.4. Characterizing RGS14’s role in glial response

Our findings that loss of RGS14 prevented the activation of microglia and astrocytes in
regions where RGS14 induction was also observed was surprising but reveals an intriguing idea
that RGS14 (and possibly the upregulation) is necessary for glia reactivity after seizure activity.
One important question is whether RGS14’s effects on glia are specific to seizure activity (glial
activation arising from excessive neuronal activity) or translate to other states of
neuroinflammation, such as what is observed following infection. To test this idea, WT and RGS14
KO mice could be administered lipopolysaccharide (LPS), a pathogenic component of the
bacterial cell wall, which causes robust microglial and astrocyte activation (Skrzypczak-Wiercioch
and Salat, 2022). If we observe that microglia and astrocytes from RGS14 KO mice are similarly
deficient in their reactivity as they are following SE, then it could reflect inherent dysfunction within

glia (and specifically microglia) as microglial toll-like receptors primarily mediate the glial-
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activating and neuroinflammatory effects of LPS (Lehnardt et al., 2003). However, similar levels
of microgliosis and astrogliosis between WT and RGS14 KO mice following LPS administration
would support the idea that RGS14’s effects on glial activation are seizure-specific and may
suggest a neuronal mechanism of glial activation. Utilizing real-time polymerase chain reaction
(RT-PCR) to quantify the expression levels of inflammatory cytokines that increase during glial
activation (e.g., TNF-q, interleukin-1B) either following seizure activity or LPS stimulation would
provide further insight into how glia may be dysfunctional in RGS14 KO mice (Vezzani, 2005).
Along these lines, evaluating the hippocampal expression pattern of COX-2 and levels of
downstream prostaglandins synthesized by COX-2, both of which mediate glial activation and
neuroinflammation following seizure activity (Rojas et al., 2019), would better detail the
mechanisms by which RGS14 prompts glial response, especially considering that our proteomics

revealed altered expression patterns of COX-2/prostaglandin-related proteins in RGS14 KO mice.

However, this would still not satisfy the question of whether RGS14 is mediating its effects
on glia activation in either neurons or glia. Two experiments could shed some light on this
qguandary. First, viral knockdown of RGS14 specifically in neurons using the CreLox system and
a neuronal specific promoter (e.g., CaMKIl) and then challenging these mutant mice with seizure
would identify the neuronal RGS14’s contribution to the phenotype. If neuronal knockdown of
RGS14 impaired glial response as it does in global RGS14 KO, then it would suggest neuronal
RGS14 is necessary for these effects, possibly promoting the expression and release of glial
activating factors following seizure. However, if glial activation was observed in mice lacking
neuronal RGS14, it would indicate that RGS14 acts in glia or by another mechanism to promote
glial response to seizure activity. Although RGS14 expression in glia has not been reported,
follow-up studies could utilize microglia- and astrocyte-specific knockdown of RGS14 to determine
if RGS14 expression in either cell-type is necessary for glial activation. Second, isolation and

culturing of microglia and astrocytes from RGS14 KO mice would allow us to determine if there is
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inherent dysfunction within RGS14 KO glia without the direct effects of neuron. Activation of
isolated RGS14 KO microglia or astrocytes in vitro would suggest that there is no intrinsic
dysfunction within each glial cell and support a neuronal-specific mechanism by which RGS14
promotes glial response. However, if glia from RGS14 KO mice are unable to activate, further
studies assessing microglia and astrocytic function would be necessary. Microglial function could
be assessed using chemotaxis and phagocytosis assays in response to glial activating factors
like ATP (Eyo et al., 2017). Astrocyte function could also be evaluated in isolated or astrocyte-
neuron co-cultures to evaluate metabolic cooperation. Assessing expression and activity levels
of important metabolic enzymes like glutamine synthetase and the transfer of energy substrates
between the two cell types would expand on the proteomics results that indicate potential
dysregulation of astrocytic capabilities, and fuel flex testing astrocyte and neuron-astrocyte
cultures would shed light on neurometabolic cooperativity in RGS14 KO mice (Qi et al., 2021).
Taken together, these potential experiments would provide groundwork for a better understanding

of RGS14’s role in glia response.

4.7.5. Monitoring the development of TLE and associated pathology after SE

The last and most obvious follow-up to this work is the likely consequence of extreme
seizure activity: the development of spontaneous seizures and other TLE-like phenomena.
Following SE, we could use video-EEG monitoring of behavioral and electrical seizure activity,
respectively, to determine if RGS14 KO mice have altered sensitivity to the development of
spontaneous seizures. We could measure parameters such as the latency to first spontaneous
seizure and the frequency, duration, and intensity of spontaneous seizures once they emerge.
This could be done in both RGS14 KO mice and CA2-RGS14 KO mice, as area CA2 is important
for sustaining spontaneous seizure activity in rodent models of TLE. It would also be helpful to
evaluate TLE pathology that exists in the phase of spontaneous seizure development, including

sustained gliosis, neurodegeneration in the hippocampus and in other regions, and mossy fiber
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sprouting in the hippocampus, particularly to area CA2 which receives sprouting connections
following SE (Haussler et al., 2016). Because RGS14 suppresses postsynaptic synaptic plasticity
in area CA2 (Lee et al., 2010), itis possible that loss of RGS14 enhances mossy fiber connections
within area CA2 and could contribute to hippocampal network rewiring that likely underlies
spontaneous seizure formation. As an indicator neuronal damage and brain dysfunction, RGS14
KO mice could be evaluated for cognitive impairment using spatial (Morris water maze) and object
recognition (novel object) memory tasks, both of which rely on proper functioning of the
hippocampus (Zemla and Basu, 2017). Additional behavioral assays could include assessment
of depressive-like behaviors using the forced-swim test and anxiety-like behaviors like novelty
suppressed feeding (Belovicova et al., 2017). The faster or more frequent development of
spontaneous seizure activity, exacerbated pathology, and enhanced behavioral impairment in
RGS14 KO or CA2-RGS14 KO mice would provide compelling evidence that RGS14 is an
important component of limiting the development of TLE and its consequences and justify RGS14

as a hovel therapeutic target to prevent the development of TLE in humans.

4.8. Conclusions and working model of CA2 regulation by RGS14 during seizure activity

Our findings suggest that RGS14 dampens behavioral seizures, limits hippocampal
pathology, and regulates CA2 PC function by engaging mitochondria oxidative stress pathways
in addition to other established regulatory roles as illustrated in our proposed working model (Fig.
23). Consistent with this idea, RGS14 protein was upregulated in area CA2 after KA-induced SE.
Mice lacking RGS14 had faster onset of SE and mortality, striking alterations in metabolic and
mitochondrial protein expression, enhanced oxidative stress, and region-dependent suppression
of glial activation. Although mechanistic insights into RGS14 roles in seizure response are limited
in our study, we show that RGS14 localized to mitochondria in CA2 hippocampus and regulated
mitochondrial respiration as one possible and newly appreciated mechanism for RGS14

protective actions.
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Figure 23. Proposed working model for RGS14 regulation of CA2 pyramidal neurons
following seizure. (Harbin et al., 2023) Diagram of a CA2 dendritic spine illustrating known and
speculative roles for RGS14 in intracellular regulation. RGS14 at the plasma membrane and in
the cytosol can negatively regulate both GPCR- and MAPK-dependent signaling, while buffering
calcium transients from NMDA receptors and VGCC through an unknown mechanism. In addition
to its localization at the membrane and in cytosolic spaces, RGS14 localizes to mitochondria in
CA2 pyramidal cells. By its effect on signaling and calcium buffering at the membrane/cytosol, its
localization to the mitochondria, or through an unknown mechanism, RGS14 is capable of
influencing metabolic/mitochondrial protein expression, including SOD2. Although speculative,
RGS14 may buffer mitochondrial calcium in a similar fashion to buffering membrane calcium
transients of dendritic spine. Regulatory capacity by RGS14 culminates to provide balance of

ROS (0O2) and mitochondrial function. RGS14 expression is induced by seizure activity, and loss
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RGS14 induction is coincidental with local glial response. Loss of RGS14 regulation culminates
to enhanced oxidative stress, aberrant signaling, and cellular dysfunction of CA2, which may

contribute to susceptibility to seizure activity and pathology. Created in BioRender.
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Additionally, our observed changes in protein sets/pathways provide compelling evidence of
altered responses in RGS14 KO mice that are ripe for future study. As mentioned above, it is
unclear whether these early pathological alterations contribute to the development of
spontaneous seizures and other TLE pathology. Because of the numerous effects of RGS14 in
the CA2 region and CA2’s recent implication in TLE, long term monitoring of RGS14 KO mice for
TLE development using video/EEG for spontaneous seizure development, behavioral assays for
cognitive impairment, and histological assessment for TLE pathology will be an important follow-
up to our findings. Future studies will also explore how RGS14 engages the mitochondria and
metabolic processes in the hippocampus. Additionally, RGS14’s peculiar role of
neuroinflammatory regulation will also need to be further investigated with special interest on glial
activation caused by seizure-inducing stimuli vs general inflammatory stimuli. Together, our
findings highlight a novel and important regulatory role of RGS14 in area CA2, seizure

development, and related pathology with implications for TLE pathogenesis.
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