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POPULAR SCIENCE SUMMARY OF THESIS

With larger proportions of populations around the world aging, the burden of chronic neurodegenerative
disorders such Alzheimer’s disease (AD) and Parkinson’s disease (PD) is also increasing. The lack of
treatments for neurodegenerative disorders makes the repurposing of pharmaceuticals already in use a
potentially faster route to bringing drugs to market for those who need them most. Glucagon like
peptide-1 (GLP-1) based receptor agonists (incretin mimetics), commonly used to treat type-11 diabetes
mellitus (T2DM) and recently for weight loss, and Rho-associated coiled-coil containing kinase
(ROCK) inhibitors, used for glaucoma treatment, are two such drug classes. Incretin mimetics are much
further along in the process for repurposing, but both present great promise as potential
neurodegenerative therapies.

The incretins, including GLP-1 and glucose-dependent insulinotropic polypeptide (GIP), are normally
produced postprandially to regulate blood sugar, but in T2DM, their function is often impaired.
Glucagon (Gceg), another peptide involved in blood sugar regulation, is also dysregulated in T2DM.
Interestingly, diabetes is one of the greatest risk factors for developing a chronic neurogenerative
disorder, leading scientists to believe there is a clear connection between metabolic disease and brain
health. Early studies with Exenatide, the first US Food and Drug Administration (FDA) approved
incretin mimetic, proved this drug class had a protective function in the brain and accelerated research
into their potential utility in treating nervous system dysfunction. Whereas incretins act through many
different cellular pathways, ROCK inhibitors target the two isoforms of the ROCK protein, ROCK1
and ROCK2. ROCK is elevated in chronic neurodegenerative diseases and its activation within the brain
prevents neuron repair. Endogenous ROCK activation occurs not exclusively, but prominently, through
the Nogo signaling system, which in a healthy brain, helps maintain stable neuronal connections.

Although neurons are typically the cells of the nervous system that receive the most attention, microglia,
once thought to just be the “glue” of the brain, are increasingly being found to play very important roles
in health and disease. In a healthy brain, microglia are evenly tiled throughout the tissue and make up
around 10% of total cells. As the resident immune cells of the brain, they perform routine homeostatic
functions such as clearing waste, providing metabolic support to other cells, and shaping neuronal
connections. However, during pathological conditions, microglia respond by performing a suite of other
roles to contain damage, including the initiation of the inflammatory response and clearing of damaged
tissue. Often, this process results in damage to healthy tissue that can further exacerbate a condition or
disease. Therefore, balancing the benefits of microglial activation to the potential damaging effects is
essential for the most positive prognosis.

One common symptom and potential cause of neurodegenerative disorders is microglial induced
neuroinflammation, making this an ideal target for any drug therapy, including incretin mimetics and
ROCK inhibitors. Incretin mimetics are now undergoing human clinical trials for PD, AD, and other
neurological disorders, while ROCK inhibitors have entered clinical trials for treating amyotrophic
lateral sclerosis (ALS), a disease that affects neurons controlling motor function. ROCK inhibitors have
yet to enter trials for treating other more common neurodegenerative diseases such as AD and PD,
although these current human trials highlight growing interest in both drug classes. While these studies
are ongoing, preclinical science, including both cellular and animal models such as those performed in
the current thesis, is essential to understand 1) which formulations of these and other drugs have the
highest brain uptake, crossing the blood brain barrier (BBB); 2) mechanisms of action, including



activation or inhibition of key cellular pathways; and 3) overarching phenotypes, both behavioral and
pathological, resulting from the drug treatment or genetic manipulation.

In the current thesis, I utilized cellular models of microglia and rodent models of brain injury to
understand pharmacologic and genetic underpinnings of neuroinflammation. The injury model used
throughout my projects involves the induction of traumatic brain injury (TBI) in mice. TBI is an
excellent model of neurodegeneration because it can be performed rapidly and replicates many features
of neurodegenerative disease, including neuronal cell death and activation of microglia. In addition, TBI
remains one of the most prevalent causes of injury and death throughout the world, making it an
important public health issue to study in parallel to chronic neurodegenerative conditions. Each
constituent paper of my thesis incorporates microglial responses to either drug treatment or genetic
manipulation. In two studies, we investigate new incretin mimetic formulations, including a slow release
formulation of Exenatide, a common diabetes medication, and a unimolecular triagonist that targets
GLP-1, GIP, and Geg receptors. In another study, I sought to understand if the circulating metabolite of
GLP-1 had any nervous system function, adding to the current understanding of how the properly
functioning incretin signaling system may affect brain health. In the last two studies, I investigated how
ROCK inhibition affects microglial activation in cell culture and identified for the first time roles of
microglial Nogo, an endogenous ROCK activator, in delaying recovery from brain injury.

Overall, my thesis advances understanding and potential utility of using incretin mimetics and ROCK
inhibitors to blunt neuroinflammation. In addition, I show a novel role of the Nogo signaling system in
microglia. Across all model systems used, I show anti-inflammatory effects of drug and genetic
manipulation. Lastly, I have advanced the use of a new immortalized microglial cell line (IMG cells),
that can potentially be used as a platform for screening new drugs that target microglia, without the use
of live animals.



ABSTRACT

Neurodegenerative disorders, from chronic diseases such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD) to more acute injuries such traumatic brain injury (TBI), present a particular challenge to
public health as they lack treatments and have devastating consequences. Across the variety of central
nervous system (CNS) diseases and injuries, inflammation is a hallmark and potential target for effective
therapies. Microglia, the immune cells of the brain, normally perform homeostatic maintenance roles in
the brain; however, in cases of injury and disease, they are often dysfunctional and produce excessive
quantities of pro-inflammatory proteins that exacerbate conditions. This makes microglia a prime target
for intervention. As there is a current lack of drugs available to treat brain injuries and diseases,
repurposing clinically approved medications may be the fastest route for new drugs to reach patients.
Understanding cellular mechanisms and proteins that mediate inflaimmation are valuable for the
development of new therapies. Overall, this thesis aims to evaluate several drug classes, including
incretins and Rho-associated coiled-coil containing kinase (ROCK) inhibitors, which have potential for
repurposing from their approved uses to treating neurodegenerative disorders. Herein, novel cellular
mechanism and proteins that induce neuroinflammation are also investigated.

In this thesis, the incretins, which are endogenous insulin regulating hormones currently used to treat
diabetes, and ROCK inhibitors, clinically used for glaucoma, are evaluated in different injury and
disease models to understand their ability to affect brain health. With these studies, we evaluate
microglia as a primary source of inflammation and utilize both cellular and rodent models of
neuroinflammation. Our cellular studies leverage the potent inflammatory properties of
lipopolysaccharide (LPS) to mimic in vivo neuroinflammation observed in our rodent models of mild-
moderate traumatic brain injury (mTBI), which are also used throughout this thesis. We apply
pharmacologic or genetic manipulations to understand how pathology progresses with the intervention,
assessing proinflammatory protein production and microglial activation via enzyme-linked
immunosorbent assays (ELISA), electrochemiluminescence, and immunochemistry, among other
methods.

Incretin effects on the brain are the focus of Papers I-III. In Paper I, we investigate the
pharmacokinetics and efficacy of PT302, a new slow-release formulation of the GLP-1 mimetic,
Exenatide. Exenatide was initially approved for clinical use as a twice daily subcutaneously
administered drug. We demonstrate steady-state plasma levels of Exenatide formulated as PT320 for up
to three weeks after a single subcutaneous injection, with brain penetration reaching up to 2 to 3% of
peak plasma concentrations, which is reasonable for a peptide-based drug and appears to be within its
pharmacologically relevant range. Notably, PT302 administered at a dose that is translatable to human
use is anti-inflammatory in the mouse brain, as we demonstrated the drug’s ability to decrease microglial
activation following a mTBI injury. Behavioral deficits were also mitigated by PT302. For the next
study (Paper II), we also utilized the mTBI model to investigate efficacy of a novel monomeric incretin-
based triagonist, which showed similar effects as PT302 at mitigating behavioral deficits and inducing
cellular signaling pathways that are neuroprotective. Additionally, I introduce a primary microglia
(PMg) cell model for neuroinflammation and show potent anti-inflammatory potential for the triagonist.
The last of the incretin studies (Paper III) utilizes cellular models of neurodegeneration and
neuroinflammation to understand the physiological roles in the nervous system of the GLP-1 metabolite,
GLP-1(9-36). This work has relevance as GLP-1(9-36) circulates in the bloodstream long after its
insulinotropic parent peptide is inactivated. Our work indicates this metabolite, indeed, has physiologic



roles in nervous system cells, including microglia. In this study, I utilized the relatively new
immortalized (IMG) mouse microglial cell line as a model system for PMg.

The Nogo-signaling system, known for its neuronal plasticity restricting properties via RhoA and
ROCKI1 and ROCK2 activation, has recently been implicated in microglial inflammation processes. In
Paper IV, we sought to elucidate the roles that RhoA and ROCK play in influencing the inflammatory
process. We show that ROCK inhibitors potently inhibit LPS induced inflammation via a variety of
mechanisms in both primary and IMG microglia. In parallel to the inquiry of ROCK influence on
inflammation, this study serves as a “proof of concept” for the utility of using IMG cells in preclinical
drug development and screening.

Lastly, in Paper V, we investigated the effects of microglial conditional deletion of a potent endogenous
activator of RhoA/ROCK signaling in nervous system cells, Nogo. I developed a novel mouse model
to perform this genetic manipulation and applied a moderate TBI injury, via a controlled cortical impact
(CCI) injury to exposed brain tissue. Mice with conditional deletion of microglial Nogo (MinoKO mice)
show signs of decreased microglial and astrocytic activation following CCI. CCI injured mice with
microglial specific Nogo deletion exhibited hyperactivity among other phenotypes post-injury.
MinoKO mice did not exhibit asymmetric motor function one week post-CCI as their control cohorts

did, thereby providing further evidence of microglial Nogo negatively influencing recovery.

Opverall, the studies within this thesis provide strong evidence for the utility of using incretins to treat
neurodegenerative conditions. In addition, the current studies elucidating novel roles of RhoA, ROCK,
and Nogo in microglial-induced inflammation add to the growing list of potential drug targets that may
mitigate disease pathology.
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1 LITERATURE REVIEW

11  Introduction

Chronic neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) to
more acute injuries such traumatic brain injury (TBI), present a particular challenge to public health as
they lack treatments and have devastating consequences. Across the variety of central nervous system
(CNS) diseases and injuries, inflammation is a hallmark and potential target for effective therapies.
Microglia, the immune cells of the brain, normally perform homeostatic maintenance roles in the
nervous system; however, in cases of injury and disease, they are often dysfunctional and excessively
produce pro-inflammatory proteins that exacerbate conditions. This makes microglia a prime target for
intervention.

Notably, a recent genome-wide association study (GWAS) found that AD and related dementias may
be driven by elevation of inflammation-related pathways as a risk for these chronic conditions.'
Increasing evidence points to the use of incretin mimetics, many of which are approved by the United
States (US) Food and Drug Administration (FDA) and parallel foreign governmental regulatory bodies
for treating diabetes, as potential treatments for neurological diseases and injuries. Long-acting
monomeric incretin mimetics have strong anti-inflammatory and neuroprotective properties> through
the utilization of single or combined active regions of the endogenous incretins glucagon-like peptide-
1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), and glucagon (Gcg). Although
neuroinflammation is widely understood as a context-dependent microglial immune response to injury
or disease, some mechanisms of the response are not entirely understood. The Nogo-signaling system,
known for its neuronal plasticity restricting properties via GTPase ras homolog gene family member A
(RhoA) and Rho-associated coiled-coil containing protein kinases 1 and 2 (ROCK1 and ROCK?2)
activation, has recently been implicated in microglial inflammation processes.*® Further investigation
into microglial specific Nogo-signaling and its downstream components, RhoA and ROCK 1 and 2,
may provide a new understanding of neuroinflammation and novel targets for treatment. I vitro and in
vivo models of neuroinflammation are key to evaluating new targets for neuroinflammation and
preclinical drug efficacy.



1.2 Microglia: The Source of the Neuroinflammatory Response

Neuroinflammation arises from microglia, the highly motile innate immune cells of the brain. These
cells, which comprise approximately 10% of total cells in the brain, also recruit peripheral immune cells
that contribute to neuroinflammation and containment of CNS damage. Although neuroinflammation is
most widely associated with pathological effects, especially with prolonged injuries or disorders, it is
important for a variety of positive physiologic responses, including neurorepair.® In a healthy brain,
microglia perform homeostatic functions and are highly ramified, possessing a complex network of
processes emanating from the soma. Microglia are distributed evenly throughout the brain parenchyma
to shape synapse formation and elimination and to survey surrounding areas for damage or indicators
of abnormalities.” Microglia, and other glial cells such as astrocytes, possess families of pattern
recognition receptors (PRRs) and others, including toll-like receptors (TLRs) and purinergic receptors,
which are suited to detect damage associated molecular patterns (DAMPs). DAMPs include high
mobility group box 1 (HMGBI) protein, other alarmins, and purines released by dying or damaged
cells.> ' Detection of DAMPS initiates the inflammation response in microglia, which involves the
coordinated production and release of a cascading milieu of proteins including both pro- and anti-
inflammatory cytokines, chemokines, reactive oxygen species (ROS), and others."'

Microglia initiate the immune response almost uniformly by activating the transcription factor nuclear
factor kappa-B (NF-kB), responsible for expression of a large family of inflammation-related genes.'
During homeostatic conditions, NF-kB resides in the cell cytoplasm and is inhibited from performing
transcription in the nucleus by inhibitor of kappa-B (IkB)."* NF-«B is liberated from IxB via a variety
of external stress signals including LPS, pathogens, or cytokines such as tumor necrosis factor-alpha
(TNF-a), which bind to their respective cell receptors and initiate signaling cascades that results in the
inhibitory phosphorylation and degradation of IxB.'? This liberates NF-kB and allows it to translocate
to the nucleus and bind to kB elements on gene promoters and influence the transcription/expression of
over 400 different genes,' including expression of cytokines and chemokines such as TNF-o,
keratinocyte chemoattractant/ human growth regulated oncogene (KC/GRO), interferon gamma (IFNy),
chemokine (C-C motif) ligand 5 (CCLS5), and the interleukins 1 alpha (IL-1a), 1 beta (IL-1B), 2 (IL-2),
5 (IL-5), 6 (IL-6), 10 (IL-10), and 12 (IL-12). For full list see Boston University resource “NF-«xB Target
Genes”: https://www.bu.edu/nf-kb/gene-resources/target-genes/. Expression patterns of all or some of

these signals induced by mechanical injury (TBI) or TLR4 activation via LPS are explored in Papers
I-IV. It is important to note that microglia also respond to anti-inflammatory stimuli/signals, such as IL-
4, which can suppress NF-«xB activation and pro-inflammatory gene production, and initiate an anti-
inflammatory response.'*'® The balance of pro- and anti-inflammatory signaling should be considered
in any pathological context.

In microglia, external signals drive biochemical changes in the cells, such NF-kB nuclear translocation,
marking a context-dependent starting point for what is broadly described as microglial “activation.”
Microglia produce proteins upon activation, which can function in an autocrine or paracrine fashion.
Functional changes in microglia may include increased phagocytosis,'” changes in migration ability,'®

2 The use of a

altered proliferation patterns,' or even blood-brain barrier (BBB) protection.
dichotomous nomenclature of “M1” (“activated”/proinflammatory) or “M2” (“alternatively
activated”/anti-inflammatory)*' microglia describes potential differences in microglial activation states;

albeit these terms also do not fully encompass the complexity of microglial function and diversity
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Figure 1. Microglial reactivity and diversity. (4) In normal resting conditions, microglia remain in a
homeostatic surveying state. Detection of DAMPs, cell debris, and other signaling proteins caused by disease,
injury, or other aberrant processes in the CNS, cause microglia to become activated, formerly described as
M1 (pro-inflammatory) or M2 (alternatively activated/anti-inflammatory). (B) Recent RNA sequencing
experiments on microglial populations and single cells have revealed additional heterogeneity and distinct
activation states during development, aging, and as a result of injury or disease. Furthermore, functional
differences exist in healthy brains with genetically distinct regional populations. Figure adapted from Glotfelty
etal (2019).°

Microglia can be described by a number of parameters, including morphology, transcriptome, and
injury/disease state context. Indeed, it is apparent that some microglia interact with regenerative or
reparative processes while others possess opposite functions.”® Recent RNA sequencing (seq) and single
cell RNAseq experiments have revealed regionally and developmentally distinct populations of
microglia.”*?" Furthermore, microglial heterogeneity occurs in response to injury”>?’ as well as in
neurodegenerative diseases.”** Single cell RNAseq provides evidence for several microglial
phenotypes that could be targets for intervention and result in improved outcomes in injury or disease.
Timing of interventions in acute brain injuries seems to be critically important, as weighted levels of
microglial activation states may provide benefit in the short term.

Microglial activation is typically demonstrated experimentally via increased signal intensity of ionized
calcium-binding adaptor molecule 1 (Iba-1) immunochemistry. Ibal is intricately involved in actin fiber
bundling, membrane ruffling, and phagocytic function, which accompany morphological changes
during microglia activation (Figure 1)."° An elevation in numbers of Ibal* cells indicates increased
localization of microglia to a damaged area or possibly cellular proliferation. Ibal immunochemistry is
utilized in Papers I, IV, and V. Although Iba-1 is the most commonly used marker for microglia, others
include P2Y purinoceptor 12 (P2Ry12) (used in Papers III and V), transmembrane protein 119
(TMEM119) (Paper IV), and CXC chemokine receptor 1 (CX3CR1) (Paper V). P2Ry12 is responsible
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for sensing local changes in adenosine triphosphate (ATP) that can result from tissue damage®' or even
originating from neuronal firing.*> There is currently no known functions of TMEM119 but it, along
with P2Ry12 are exclusive markers of microglia, while their expression dramatically decreases in
pathological contexts.”® In the brain, CX3CR1’s only ligand resides in neurons. A deficiency of
CX3CR1 promotes an aging phenotype, leading to the hypothesis that its role is intricately involved in
supporting neuron health.** Ibal, CX3CR1, and other markers of microglia are also expressed in
peripheral macrophages, which is an important consideration, especially with the wide use of
conditional Cre recombinase/loxP knockout (KO) models targeting microglia via the CX3CRI1
promoter (used in Paper V).*

Though inflammation is a natural response to injury and thus biologically important to recovery,*®
aberrant and persistent inflammation can create a neurotoxic environment.”’® Although microglia
initiate the neuroinflammatory response, there signaling produces secondary response in other cells,
such as astrocytes. For example, a proinflammatory microglial state induces production and release of
a broad range of inflammatory cytokines, including IL-1a, TNF-a, and complement component 1q
(Cl1q), all of which have been implicated in the formation of a “powerfully neurotoxic” astrocyte
subtype.** The neurotoxic components secreted from this astrocyte subtype are long chain saturated
lipids contained in APOE and APOYJ lipoparticles.*’ These astrocytes exist in normally aged mouse
brains,*' have been implicated in exacerbating neurodegeneration in models of PD,* and are present in
the brains of AD, PD, Huntington’s disease, ALS, and multiple sclerosis patients.** Astrocyte
nomenclature was previously limited, describing reparative and harmful subtypes, but as with microglia,
this simplified nomenclature has fallen out of favor. A broader descriptor, “reactive”, reflects context-
dependent phenotypes of astrocytes.*? This “cycle of neuroinflammation” can result in an enduring loop
of microglial and astrocyte activation common in chronic neurodegenerative conditions (Figure 2).*
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Figure 2. The cycle of neuroinflammation. Microglial activation via a variety of stressors (A) initiates
intracellular signaling pathways and activation of microglia (B) that lead to release of pro-inflammatory
proteins that can affect neuronal health (D,H) and astrocyte reactivity (E, F). Subpopulations of reactive
astrocytes secrete saturated lipids that are neurotoxic (G). Tissue degradation and cell death can chronically
activate microglia via release of DAMPS, cell debris, ATP, and ROS, exacerbating the inflammatory response
and preventing recovery (I). Figure from Kopp et al. (2022).
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13 Incretins: From Treating Diabetes to
Neurodegeneration

1.3.1 A Brief History

The endogenous incretin hormones GLP-1 and GIP are known for their postprandial insulinotropic
properties. Produced in the L and K cells of the small intestine, respectively, these incretins account for
approximately 70% of insulin produced in the islet -cells of the pancreas where their corresponding
G-protein coupled receptors (GPCRs) reside.** Geg, produced in the pancreatic a-cells, has opposite
effects of the incretins, increasing liver production of glucose during times of low blood sugar or fasting.
Gcg receptor (R) agonists are used to treat severe hypoglycemia, often attributed to mismanagement of
insulin regimens in diabetic patients.*

Within minutes of their release, GLP-1, GIP, and Gcg are all susceptible to cleavage and inactivation
by dipeptidyl peptidase-4 (DPP-IV).**” Along with their powerful glucoregulatory properties, the
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Figure 3. GLP-1 based incretin mimetics. The endogenous peptides GLP-1, GIP, and Gcg, are all susceptible
to cleavage by DPP-1V. The discovery of the DPP-1V resistant GLP-1 analogue, Exendin-4, in the venom of
the Gila monster led to the development of a new class of US FDA approved diabetes medications. Pharma
companies have since introduced monomeric dual and tri-receptor agonists, combining elements of single
GLP-1, GIP, and Gcg. These new mimetics are being developed in clinical trials and may outperform single
GLP-IR agonists. Figure from Glotfelty et al. (2019).



incretins and Geg perform extrapancreatic functions, helping to control gastric emptying and satiety,*
signaling of gastric distention,* and fluid homeostasis (thirst)’*® among others. The predominant active
isoform, GLP-1(7-36)amide has been a primary target of research and drug development for treating
type-II diabetes mellitus (T2DM), as deficits in incretin signaling are a hallmark of the disease.

The 1992 discovery of a naturally occurring DPP-IV resistant analogue to human GLP-1, Exendin-4
(Ex-4), in the venom of the Gila Monster (Heloderma suspectum)®' paved the way for the 2005 US FDA
approval of a synthetic version of Ex-4, Exenatide. Since then, potentially more efficacious and
amenable monomeric dual and tri-agonists that include combinations of active regions of GLP-1 with
GIP and/or Geg have recently entered into clinical trials for a variety of metabolic disorders, including
T2DM, non-alcoholic steatohepatitis (NASH), nonalcoholic fatty liver disease (NAFLD) and
obesity.>**? Amino acid sequences for the endogenous peptides (GLP-1/Exendin-4, GIP, and Geg) and
their monomeric dual and tri-agonist mimetics are shown in Figure 3.

In parallel to Exenatide’s clinical development for treating T2DM, GLP-1Rs were discovered in the

brains of both rodents™**

and humans,”*° though their function was not known. Mechanistic studies
uncovered novel neurotrophic and neuroprotective properties of GLP-1°"% and sparked an interest for
utilizing incretins as potential treatments for neurological disorders.®** As insulin dysregulation is a
risk factor for a variety of neurodegenerative disorders and stroke, repurposing incretin therapies for
treating these diseases appeared to be a fruitful avenue of research.® Since the US FDA approval of
Exenatide, characterization of receptor localization for all three secretins, GLP-1, GIP, and Geg, indicate
distribution in a wide variety of tissues,” including many brain structures and cell types in the brain

(Figure 4).

CNS Sites of ptor Exp
GLP-1R GIPR
Brainstem® Hypothalamus:
NTS® + PUN®
Hypothalamus: * DMN**
* PVN® * ARC**
« DMN* Hippocampus'
+ARC" Olfactory Bulb*
Thalamus* Cortex*
Basal Nuclei®
. Hippocampus® ﬁ.ﬁﬂB_ =
kb CRE | FOx01/03 | NF-xB mTOR Coriax s
Gamage caused by JNK Ant d and Spinal Dorsal Horn?
axidative stress ‘ action, inchuiding pyrienidine synthasis, Hypothalamus®
GSK-38 decreased glial  synapse formation, and LTP Cortex?
MAPK/ERK I:hlm of cell activanon ;:::::‘ : m
pidraion s exorsin, Bcl'z’ic""'- o CNS Cell Types Exp 9
BAD GLP-1R GIPR GegR
Neurons™  Neurons®*’ Neurons™
Caspasos Astrocytes™ Astrocytes' icroglia*
i Microglia®* Microglia*
spoptosis Oligodendrocytes'

Figure 4. GLP-1, GIP, Gcg receptor activation produces pleiotropic effects in a variety of brain regions.
Pathways activated are broadly anti-inflammatory and neuroprotective. Secretin receptor expression in rats (red
superscript), mice (blue superscript), and humans (black superscript) are shown in the right panel. (a) ref *;
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Activation of all three receptors, separately or together, produces pleiotropic signaling effects, a
potential benefit over insulin therapy alone, which has not proved beneficial in treating
neurodegenerative disorders . The neuroprotective and anti-inflammatory effects observed in the many



preclinical studies and human trials likely are working to restore disrupted insulin signaling and
resistance that is not overcome with insulin delivery alone.

1.3.2 Incretins in Animal Models of Neurodegeneration

The pleiotropic properties of GLP-1, GIP, and Gcg make them interesting candidates for filling the
pharmacologic void for treating neurological disorders, especially in their long-acting forms. A major
reason for selecting GLP-1R agonists for drug repositioning towards PD was their ability to activate
multiple, potentially beneficial, downstream pathways consequent to their potent secondary messenger
cyclic adenosine monophosphate (cAMP) action, following their selective GPCR engagement (Figure
4).” While many drugs considered for repositioning act on single pathways, GLP-1R agonists, along
with GIPR and GcgR agonists, initiate anti-oxidant, anti-apoptotic, trophic, and potent anti-
inflammatory actions (summarized in Figure 4), which are potentially valuable across a variety of
neurological conditions including TBL? PD,**** AD,* and stroke.®

1.3.3 Incretins in Human Clinical Trials for Neurologic Conditions

Human clinical trials are currently underway using GLP-1R agonists to treat PD,*? with several
already completed indicating positive benefits for patients treated with the drugs.®* A full list of
human clinical trials related to neurological disorders can be found in Table 1.* Preclinical
experiments show that incretin mimetics may provide respite to levodopa-induced dyskinesia (LID),
a condition caused by prolonged exposure to Levodopa, the primary treatment for PD symptoms.®® A
recent Phase II randomized, placebo controlled, double blind clinical trial using the PT320 Exenatide
formulation (featured in Paper I) met primary outcomes in reducing head pressure from idiopathic
intracranial hypertension.®” Furthermore, meta-analyses of diabetes patients treated with DPP-IV

inhibitors and/or GLP-1R agonists showed significant reductions in PD* and stroke®**°

morbidity.
These datasets provide strong evidence for a prophylactic incretin effect on chronic
neurodegenerative disorder development and further highlight connections between insulin resistance

and CNS disease.

Although GLP-1R agonists have been utilized in human clinical trials for neurological disorders,
human clinical trials of the monomeric dual and triagonist mimetics have not been tested for these
same conditions. A polypharmacologic approach may provide even more robust outcomes than GLP-
IR agonism alone. Importantly, the dual agonist compounds (Figure 3) have been safely tested in

human clinical trials for metabolic disorders’**

and show a tolerability similar to GLP-1R agonists
alone. Recent in vitro and in vivo research is establishing the triagonist compound as a potentially
even more potent and balanced treatment for neurological conditions.”™’ Tirzepatide, a dual GLP-
1R/GIPR agonist, was recently shown to be potentially even more effective than the GLP-1R agonist
semaglutide as a weight loss drug in humans (SURMOUNT-IL, clinical trial #NCT04657003), though
head to head comparisons have yet to be performed. Still, these studies highlights that these drugs are
safe in humans and potentially more efficacious, including for the treatment of neurodegenerative
disorders. Activation of multiple GPCRs simultaneously through the dual and triple incretin-based
agonists seems a promising strategy to study for future neurological disorder/injury therapies.
Optimizing which of these drugs best enters the brain and which patients will best respond will be
important steps to moving these compounds into the clinic.



Compan Drug Name Use Clinical Trial thm] Status Outcomes
UNCT03456687 1 Ongoing N/A
NCTO1971242 2 | completed (2020) |  Treatment improved off.medication motor seores.
See (a.) Athoudo et ol 2017.
v 0 ¥NCT04305002 Recruting NJA
*EUCTR2019-000732-26-SE o N/A
UNCT04232959 NGOINg N/A
“ISRCTN14552789 ngoing. N/A
AstraZeneca Exenatide “ACTRN1262000062795¢ | & Recruting N/
Treatment reduced amyloid-f-42 concentration in
AD ENCT01255163 2 | Completed (2016) extraceliular vesicles
See (b.) Mullins et at., 2015,
Byetta® Treatment improved motor abilities and cognition.
PO #NCTO1174810 2 Com, od (2013
g o) See (c) Aules-Olmos et ol, 2013,
FRDA *EUCTR2014-003598-41.8€ | Pilot | Completed (2019) Treatment improved fratain levels in FRDA patients,
See (d.) igoifio-Esteve ct al, 2020,
Treatment beain glucose
o
a0 NCTO1469351 2 | Completed (2013) ool o
Uiraghutide Victozo® #NCT01843075 2 Ongoing N/A
" Treatment improved non-motor symptoms, quality of life,
5 P "W ted
Novo Nordisk ) CHaanne 2 [Comeleted (2012) and mobiliy. See {1 Hogo et ol, 2022.
Grempic® D ENCT03659682 Nt yet recruiting NJA
*ISRCTNT1283871 Rulu!mu A
Semegluice. Rybefsus® AD ENCT04777409 Recruiting A
UNCT04777396 Recruting A
WNCTO3672604 Ongoing /A
Neuraly Inc. Exenatide nNevoa PO ENCT04154072 Ongoing N/A
Peptron Exenatide 1320 D SNCT04269642 Ongoing NJA
Sanoti-Aventis Adiyxin® / Lyxumia” D ENCT03439943 2 Ongoing N/A
:: Arry GLP-1R agonist approved for A GLP-1R agonist treatment cohort had reduced risk of
oo metabolic dsease treatment Roclors o] N NIA | Completed (Q021) | yovcloping glaucoms. See (5.} Serling et ol, 2021,

Table 1. Incretin repurposing: clinical trials to treat neurological diseases. Drugs that are red and green are
FDA approved in the USA or approved internationally, respectively, to treat metabolic diseases. Drugs in blue
are in clinical trials but are not clinically approved for any treatment. Bydureon®, Byetta®, and Victoza® have
completed clinical trials and demonstrated efficacy for treating a nervous system disease. #:
https://clinicaltrials.gov (USA clinical trials); *: https://trialsearch.who.int for trials outside the USA. FRDA
= Friedreich ataxia. Sources: (a)*, (b)*, (c)”, (d)', (€)'”', ()%, (g)'. Table from Kopp et al. (2022).#

1.3.4 The GLP-1(7-36)amide metabolite GLP-1(9-36): A biological role in
the CNS?

GLP-1 is derived from the posttranslational processing of the proglucagon gene, as is GIP and Geg, and

exists in several bioactive forms, most notably its insulinotropic, N-terminally truncated GLP-1 (7-37)
(glycine extended) and the more abundant and widely studied amidated GLP-1 (7-36)amide.'*'% These
two forms are equipotent,'® while GLP-1’s full length form, GLP-1 (1-37), shows little activity.'"'%
Following cleavage of the highly insulinotropic and active GLP-1 (7-36)amide by DPP-IV, its
metabolite GLP-1(9-36) is formed (Figure 5).'”

Figure 5. The metabolite of GLP-1(7-36),
GLP-1(9-36), is formed via DPP-IV
cleavage. Amino acids at each position are
indicated by their single letter abbreviation.
Graphic fiom Li et al. (2021).”

GLP-1 (9-36) remains in the bloodstream at circulating levels 10-fold that of its precursor.'"’
Interestingly, despite lacking insulinotropic properties,'"' GLP-1(9-36) does suppress glucose
production via an insulin-independent mechanism.''? This effect was observed in pigs'” and in
humans'"* but not mice.""® Previous research has shown GLP-1(9-36) does not bind to the GLP-1
receptor (GLP-1R) with high affinity,''"® which supports a potential novel or unknown receptor via

which it confers activity.
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Some incretin therapies are susceptible to DPP-1V cleavage and may also result in circulating levels
of the GLP-1(9-36) metabolite. Liraglutide, a GLP-1R agonist, for example, was shown to confer
much of its positive actions in a mouse model of intracerebral hemorrhage via the GLP-1(9-36)
metabolite. The positive effects included reduced brain edema, neurological effects, and
neuroinflammation. Liraglutide co-administered with a GLP-1R antagonist did not block these
observations, but co-administration with a DPP-IV inhibitor did. Hou et al. (2012)''® later
demonstrated in this same study that the effect was mediated by a GLP-1R independent activation
of 5’-adenosine monophosphate-activated protein kinase (AMPK). Indeed, recent research (preprint)
has provided evidence for GLP-1(9-36) activating the Geg receptor (GegR) in the gut.'"”

Further evidence of a role for GLP-1(9-36) in the brain comes from previous research showing the
metabolite can rescue synaptic plasticity and memory deficits in an AD mouse model.''® GLP-1(9-
36) was also shown to enhance hippocampal long term potentiation (LTP)''; however, other studies
have demonstrated no enhancement of LTP.'?° Clearly, much is not understood about the mechanisms
via which the GLP-1(9-36) fragment engages the nervous system, including target receptors and
biological function. Paper III attempts to answer some of these key questions using in vitro models
of neurodegeneration.

14 The Nogo Signaling System

1.4.1 Function and Proteins Involved

Brain function is critically reliant on the precise assembly, maintenance, and plasticity of the intricate
synaptic network. During development, an initial scaffold of neural circuits is laid down and then shaped
by experience-driven neural plasticity. This declines after an early postnatal critical period so that
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limited, but crucial, neural network plasticity remains to optimize microcircuits within the mature brain
to changing conditions, such as allowing the formation of lasting memories.'?"'* This restricted
plasticity stabilizes the neuronal architecture but can limit functional recovery following a CNS insult,
such as a stroke or TBI, as well as aggravate neurodegenerative disorders such as AD. A diverse group
of molecules are known to limit adult structural synaptic plasticity. Particularly important is the Nogo-
like signaling system and the myelin- associated inhibitors (MAIs) including Nogo, myelin-associated
glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp).'*® Nogo originates from the
reticulon 4 (RTN4) gene and is expressed as either Nogo-A, -B, or -C, all three of which share a highly
conserved C-terminus and a 66-amino acid signaling domain known as Nogo-66. All three isoforms are
highly expressed on cell surfaces and in the endoplasmic reticulum.'”’ Nogo-66, MAG, and OMgp
signaling is most prominently mediated by the glycosyl-phosphatidylinositol-anchored Nogo receptor
1 (NgR1), with several coreceptors and modulators also participating.'*® The total Nogo-signaling
system comprises upwards of 20 different proteins, including ligands, receptors, co-receptors, and

) 129

endogenous inhibitors (Figure 6)."~ Nogo-A has an additional signaling domain known as A-20, or

amino-Nogo, that activates sphingosine 1-phosphate receptor 2 (SIPR2).'*

Despite differences in
ligands, receptors, and co-receptors, overall Nogo-signaling converges on a similar intracellular

pathway, activating RhoA and its downstream target, ROCK."'

1.4.2 Modulating Nogo Ligand and Receptor Expression

Blockade of Nogo-A, NgR1, and other related proteins, has been shown to augment synaptic plasticity
and translates into behavioral improvements across a broad range of CNS injury models. This has been
demonstrated by the use of neutralizing antibodies,*>'** 134
fragments,'** peptide antagonists,'*® gene KO or knockdown (KD),'*’ as well as blockade of the RhoA

or ROCK signaling cascades.'*® All of these approaches enhance regenerative sprouting and growth of

small interfering RNAs, ™ soluble receptor

lesioned fibers as well as compensatory collateral sprouting of intact fibers in models of spinal cord or
brain injury. Proof of concept studies lowering Nogo activity have been undertaken in nonhuman
primates, and clinical studies have been initiated with Nogo-A and Lingo-1 antibodies.**"'¥!

Patients with temporal lobe epilepsy,'*? multiple sclerosis,'** schizophrenia,'** AD,'*> and PD'*¢ show
elevated levels of Nogo-A in nervous system tissue. Nogo-A is upregulated in AD hippocampus and is
localized to amyloid plaque deposits and reactive glial cells.'*® Likewise, NgR1 expression appears to
be elevated in the CA1 and CA2 regions of AD hippocampus.'*’ NgR1 is considered to have a role in
amyloid-p peptide (AP) generation, with over-expression resulting in lowered Ap'*%; mice lacking NgR 1
demonstrate elevated AP accumulation,'® but a reduction (deletion) of Nogo-A results in improved
performance and less neuropathology in AD transgenic (Tg) mice.'*” Conversely, overexpression of
NgR1 in forebrain neurons in AD Tg mice impairs spatial cognition without influencing amyloid plaque
formation.'"” Increasing research suggests that there is extensive crosstalk between pro- and anti-
plasticity signaling pathways, such as those involving BDNF that can attenuate myelin-associated
inhibitors of synaptic plasticity in a phospho (p)-cAMP element binding protein (CREB)-dependent

manner,'?

whereas Nogo-A decreases CREB activation leading to down-regulation of neuronal
growth/plasticity programs.'®® Pharmacologically regulating this balance may provide valuable

treatment strategies for neurological disorders.

Interestingly, results have been mixed with Nogo ligand and receptor KO studies versus antibody
treatments.'>' Furthermore, there were mouse strain-specific differences in axonal recovery from spinal
cord injury (SCI) observed in Nogo-A KO studies,'> although this has been disputed'** As most KO
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studies target all cells in the body, it is important to consider cell type specific contributions to observed
phenotypes. As the Nogo-signaling system involves many proteins, understanding cellular localization
of each may be beneficial in focusing targeted KO studies.

1.4.3 Cell Type Specific Nogo-like Signaling: A Focus on Microglia

Nogo related protein distribution throughout subpopulations of cells within the brain may contextualize
understanding of the diverse roles that these receptors and ligands undertake in both chronic
neurodegenerative disorders and acute injuries such as SCI, TBI, or stroke. Many studies have used

137,154,155

germline KO of Nogo ligands and receptors, which provide insights to total expression

contributions of these proteins to phenotypes; however, outcomes of injury models are likely more
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Figure 7. Nogo-like gene expression in a variety of brain cells. Data retrieved from Zhang et al. (2014)” shows
a wide variety of cell-type specific expression of Nogo-related genes. The “total” FPKM contribution of all cell
types is shown in the center of each donut graph with the fraction of each cell-specific expression represented
proportionately as a shaded region of each ring. If differing, gene abbreviation-protein abbreviation: Rtn4-Nogo;
Omg-OMgp; Rtn4r-NgR1,; Rtn4rl2-NgR?2 (Nogo receptor 2); Rtndrl1-NgR3 (Nogo receptor 3); Lilrb3-PirB,; Ngfi-
p75; Tnfrsf19-Troy, Tnfisf13b-Blys; Rtndipl-Reticulon 4 interacting protein 1.
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nuanced when KO/ knock down (KD) or overexpression are undertaken in specific cell types.
Preliminary mouse studies of Nogo-A KO in oligodendrocytes and neurons affect dendritic arborization
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and spine density differentially, > with oligodendrocyte KO more beneficial to SCI recovery than
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neuronal KO."’ Until this present thesis, genetic manipulation of Nogo-related proteins in microglia

has not been investigated.

As shown in Figure 7, Nogo-related gene expression spans diverse cell types with varied levels of
expression throughout.” From the Zhang et al. (2014)" dataset, Rtn4 (Nogo-A), Rtn4rl1 (NgR3), Sdc4
(Syndecan 4), and Tnfrsf13b (Blys) are likely candidates for microglial (shown in black) protein
expression, with Rtn4r (NgR1) and Lingo potentially also showing expression to lesser extents.
Evidence that microglia express NgR1 and respond to NgR1 ligands with impaired mobility/adhesion
capabilities and increased inflammatory signaling has been increasing over the past decade.*!**!1%
NgR1’s involvement in AP clearance may have particular relevance for microglia as they are the
primary phagocytes of the brain and are directly implicated in the seeding/clearance of amyloid plaques
in AD.'® In a moderate, mouse TBI injury model, mice treated with the NgR1 antagonist, NEP1-40,
showed shifts in activation states of microglia to a more reparative rod and macrophage type
morphology, directly implicating Nogo signaling in microglia function.'®’ An overexpression of NgR1
in forebrain neurons of mice subjected to mild-TBI impaired their recovery.'®

A B Microglial mRNA Expression Profiles of Nogo-Related
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Figure 8. Evidence of Nogo-like signaling regulation in microglia during inflammatory challenges. Data
retrieved from Kang et al. (2018)'% (4) RNAseq was performed on total microglia population extracted from
mouse brains 24 h after IP injected LPS of POLY (1:C). (B) Nogo-like signaling gene patterns in relation to sham
injected animals are show; n=3-4/group. Figure partially created using BioRender.com. .

Publicly available data of RNAseq datasets (as shown above) are widely available and provide a
generalized overview of microglial gene expression; however, the diverse phenotypes that microglia are
known to express may not be fully represented in the RNA expression patterns observed with pooled
cell data (Figure 8A). Averaging transcript counts and consequent dilution of rare gene transcripts does
not allow for interrogation of cell types of interest for a certain biological effect (e.g., pro-inflammatory,
anti-inflammatory, or phagocytic subtypes). Microglia are no exception. Common in vivo assays for
neuroinflammation use intraperitoneal (IP) delivered LPS or Polyinosinic: polycytidylic acid (POLY
1:C) that initiate an inflammation response via their respective activations of TLR4 or TLR3 and the

24



downstream transcriptional regulator NF-kB.'® We utilized LPS in vitro in Papers II, III, and
extensively in Paper IV. Kang et al. (2018)'* utilized these models to assess transcriptional changes in
microglia following a systemically induced inflammatory insult. Though applied to activate microglia
globally, multiple activation states of these cells are not reflected in the RNAseq results. It can be
observed, however, that S1Pr2, Sdc3, Sdc4, PirB, and Blys seem to be consistently upregulated during
the inflammatory insults, whereas downregulation of Adam22, Crtacl, Lgil, and, to a smaller extent,
NgR1 are elicited (Figure 8B). To understand whether or not activation state determines Nogo-signaling
gene expression, single cell sequencing of microglia must be performed and analyzed for such
comparisons. This technology is still in its infancy; however, its growing development and use makes
such comparisons possible.
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Figure 9. Single cell sequencing reveals Nogo genes expressed in subsets of microglia. In an experiment of
single cell sequencing of mouse microglia following a mTBI injury, we identified 11 transcriptionally related
clusters of cells (4). Clusters 0-9 express high levels of canonical microglia markers, while cluster 10 contains a
group of non-microglia contaminating cells (B). Nogo- related gene expression was probed in each cluster (C).
Other non-expressed Nogo-related genes are not shown.
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For example, we have performed single cell sequencing of cortical microglia following an mTBI
(unpublished results). We have found 10 separate transcriptionally related clusters of microglia from
the samples assessed, all of which exist in the injured and uninjured brain (Figure 9A). Our purification
technique was verified as each cluster of cells (0-9) express canonical markers of microglia, including
TMEMI119, Cx3crl, and P2ry12 (cluster 10 includes contaminating cells) (Figure 9B). Using this single
cell sequencing, we can screen each cluster of cells for expression of any gene. As is evident, Rtn4
(Nogo) and Rtndrll (Nogo receptor 3) are the most highly expressed Nogo-related genes across most
microglial subpopulations. MAG is expressed in many, but not a majority of microglia, with Rtn4r
(NgR1), S1pr2, and the syndecans (Sdc3 and Sdc4) minimally expressed in microglia (Figure 9C).
Other non-expressed Nogo-related genes are not shown. Several groups have described microglial
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NgR1 expression, though our single cell sequencing data indicates little if any expression in
cortical microglia. Since a majority of cortical microglia express Nogo, we used this as justification for
generating the conditional Nogo-KO mouse model found in Paper V. Recent interest in Nogo-related

regulation of inflammation® also necessitated the creation of this KO mouse.

1.4.4 Nogo and Inflammation

Our focus targeting microglial Nogo as a potential mediator of neuroinflammation is supported by a
variety of recent studies. Antibody treatment targeting Nogo-A reduced TNF-o expression in a retinal
injury model.'*® In macrophage models of inflammation, Nogo-A was shown to play a critical role in
the regulation of pro-inflammatory genes,'?’ with Nogo-B similarly facilitating LPS induced increases
in pro-inflammatory cytokine production.'®® In a separate in vitro LPS model using PC12 cells, Nogo-
A silencing via RNA interference downregulated TNF-o and IL-6 protein release and additionally

169

blocked reductions in tyrosine hydroxylase, a common feature of PD."® Earlier studies demonstrate a

role for Nogo-B increasing recruitment of macrophages to injury sites, with macrophages lacking the

protein showing a reduced ability to spread and migrate.'™

Nogo mediated inhibition of adhesion and
migration of microglia was later showed to be a RhoA/ROCK mediated response.'>® Although our single
cell data above shows no NgR1 expression in cortical microglia, others have demonstrated NgR1
mediated inflammatory responses in microglia.* It should be noted that our work in Paper IV did not
replicate this response. Nonetheless there is strong evidence of RhoA/ROCK influence over the

production of inflammatory proteins in microglia.

1.4.5 RhoA/ROCK Signaling

The LPS signaling cascade that leads to the rapid production of inflammatory proteins can be blocked

by prophylactic administration of inhibitors of the RhoA/ROCK signaling pathway,'”!

a signaling
pathway that also occurs following the activation of NgR1 and is responsible for the neuronal plasticity
restricting properties of the Nogo-related proteins. Fasudil, a ROCK inhibitor, reduces microglial
production of cytokines following LPS challenge, while at the same time altering global activation of

microglia populations.'’

Microglia ability to perform important functions, such as migration and
phagocytosis during the inflammation response, depends on the ability of the actin cytoskeleton to
rearrange.'”” Microglial phenotypes are reflective of these rearrangements, and indeed, these processes
area affected by RhoA/ROCK signaling.'”* Clearly, the key activity mechanism for Nogo-signaling,
RhoA/ROCK, is implicated in the inflammation response,*'™ but further research is needed to
understand the influence that Nogo-related proteins in microglia have in pathological conditions such

as chronic neurodegeneration or TBI.
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ROCK1 and ROCK2 exhibit homology in the kinase regions, but these proteins have previously been
shown to have differing roles and act in an independent manner, including in CNS tissue.'”'7
Although ROCK2 is more highly expressed overall in the brain,'”” ROCKI1 is more highly expressed
in microglial cells than ROCK2.”* Independent characterization of the roles of ROCK1 and ROCK2

in the brain, and in microglia specifically, are currently lacking and necessitate study.

1.4.6 Cofilin

Cofilin is a terminal effector molecule in the Nogo-signaling pathway and becomes phosphorylated
(inactivated) following NgR1 activity, with final activation status ultimately determined by LIM kinase
(LIMK) which phosphorylates and inactivates, or phosphatases such as Slingshot (SHH), that
dephosphorylate and activate the protein.'® This results in the termination of actin cytoskeleton

181182 which is detrimental to neuronal plasticity, outgrowth, and repair. Interestingly, after a

assembly,
brief period, deactivated cofilin is switched back to an active state, and neurite outgrowth restriction is
maintained.'®' Clearly, cofilin phosphorylation is key to restricting neurite outgrowth, but much is still
unknown about these changes locally (e.g., in an individual synapse) or in other cell types (e.g.,
microglia). Active and inactive forms of cofilin are also involved in microglial actin dynamics. While
cofilin is important for microglial mobility, morphology, and activation profile, unregulated levels of
active cofilin during an inflammatory challenge leads to the formation of neurotoxic proinflammatory
microglia."®® Alhadidi et al. (2018)"® demonstrated cofilin’s ability to mediate LPS induced microglial
pro-inflammatory activation and subsequent neurotoxicity, with inactive forms of the protein being
drastically reduced during LPS challenge and oxygen glucose deprivation. The group later performed a
study demonstrating that cofilin KD effectively reduces microglial activation and oxidative stress in a
mouse model of intracerebral hemorrhage.'™ Targeting this endpoint of the canonical Nogo-signaling
pathway may be of particular importance for a treatment strategy for inflammation in the CNS. Indeed,
treating cells with Ex-4 increases the phosphorylation (inactivation) of cofilin,'® which may have anti-
inflammatory effects in microglia. More research is needed to understand the roles that incretins may

have in influencing the complex Nogo-signaling system.

15 Traumatic Brain Injury (TBI)

1.5.1 Rodent Models of TBI

Microglial | Astrocyte Cytokine Cognitive Cell Neuronal BBB Oxidative
Activation | Activation | Elevation Deficits Death Dysfunction | Permeable Stress
WD T86-189 190-192 T93-195 190,193,196 190,197,198 199,200 201,202 203,204
Blast 202,205 206210 201,212 201213215 205,211,215 214,216,217 218,219 211,218,219
FPI 730224 724235 720,226,227 720,027,228 724,225,029 230232 233235 731,232,236
CCT 237241 242-248 244,247,249 246,249,250 249,251,252 251-253 254255 253,256,257

Table 2. Observed effects following animal models of TBI. The WD, blast, fluid percussion injury (FPI), and
closed cortical impact (CCI) models of TBI effectively model common features of human TBI, which are included
in each column heading. Each model varies in reproducibility, time requirements, and intensity, which should be
assessed before experimental design. All models present unique caveats. BBB= Blood-brain barrier. Table
reproduced from Glotfelty et al. (2019).°
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Our group has experience and publications with a variety of techniques used to generate concussive TBI
in mice and rats, including mild injury with weight drop (WD) and moderate to severe injury within
fluid percussion injury (FPI) or controlled cortical impact (CCI). An additional model of TBI involves
blast injury, which we have previously used”' either in the open field with explosives, or simulated
explosions within a laboratory setting transferred via a shock tube. We used mice in all TBI models,
utilizing WD in Papers I and II (Figure 10A) and CCI in Paper V (Figure 10B). Although some of
our previous work has also been performed in rats, there is extensive literature showing that these TBI
instruments, also easily work on mice with very positive effects. WD and CCI allow a range of injury
severity with little variability. We model moderate TBI with CCI rather than compare different levels
of intensity since our data indicates this moderate level of injury is most relevant for our work in
understanding and treating pathology associated with neurodegenerative disease. As we previously
reviewed,” all four of the mouse TBI models produce a wide range of pathologies, all of which are also

characteristics of human TBI injury (detailed in Table 2).

A. B.

Weight Drop TBI Model Controlled Cortical Impact TEl Model
(Mild Injury) (Moderate-Severe Injury)
S A, s 108 ikt
by

Whole and
= sectioned brain
Injury by - following injury

All procedures carried out under anesthesia

Figure 10. Models of TBI used in current thesis. We utilize the WD (4) and CCI (B) models to induce TBI in
mice. The WD model involves the dropping of a dense 30g metal cylinder on the temporal region of the mouse
head. This is a closed head injury that can be performed rapidly. The brain remains intact with noticeable
pathology evident using immunochemistry. The CCI model is a more complex and time intensive injury
involving the removal of a small region of skull and directly impacting the brain at a programmed depth using
an impactor. Injury intensity can be increased or decreased depending on depth of impact. Thereafter, the
surgery wound is closed using sutures and the mouse allowed to recover. Tissue is generally compromised upon
brain extraction as shown. (4) Illustration by Lauren Brick. (B) Created using Biorender.com.

1.5.2 Male and Female differences in TBI

Males are more likely to suffer from a TBI than women across nearly all age groups,>®

although similar
levels of TBI are experienced in the elderly of both sexes.?” Men and boys are more likely to engage in
risky behavior than girls and women, including reduced wearing of head protection.”** Although
much of the increases in public attention and general knowledge of TBI has come from media coverage

of sports-related head injuries, the elderly account for the largest increases in TBI-related emergency
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room visits.” Additionally, TBI occurring in old age causes higher mortality and worse future

prognosis than the same injuries occurring in younger individuals.?**?%

TBI is a heterogenous injury. Meta analyses of TBI outcomes in men and women show a majority of
studies looking at sex differences show there are worse outcomes in women than men (47%) following
alike injuries, with another 27% of these studies showing that men have worse outcomes than women.**
Clearly, it is difficult to directly compare one head injury to another, but the results of this human meta
analyses highlight needs to include both sexes in TBI studies. Many studies, including ours (Papers I
and II)), use only male mice in TBI models to evade possible differences in how different sexes respond
at a cellular and molecular level to injury, including sex hormones such as estrogen, which is
neuroprotective and can potentially effect outcomes, especially in the mTBI model.**® In general, in
preclinical TBI studies, female rodents have better outcomes compared to males, following alike
injury,?** which is in contrast to humans. Additionally, there are pharmacokinetic and pharmacodynamic
differences related to drug processing between the sexes that may affect initial preclinical
assessments.”*® Although we did not include both sexes in our pharmacological studies, we did include
both sexes in our moderate TBI studies involving genetic manipulation of Nogo protein in microglia

(Paper V).

1.6 Conclusion

Microglial influence in shaping neuronal circuits, monitoring homeostasis, and responding to injury or
disease has become increasingly evident in the past ten years. The many functions that microglia
simultaneously perform in the brain are starting to be understood as more advanced techniques to
monitor them become available. Profiling activation states of microglia is paramount to understanding
their many functions, with single cell sequencing leading the way for these discoveries. With these
technologies, exploration of novel signaling paradigms are also possible, including the Nogo-signaling
system that has previously been neglected in microglia. Our group has used several models (in vivo and
in vitro) of neurodegeneration and neuroinflammation, including mild/moderate TBI in mice and
microglial cell cultures, to understand activation states of microglia and to modulate their function
pharmacologically or genetically. In in vivo mTBI models and PMg cell culture, we have effectively
mitigated behavioral deficits (Papers I-II) and microglial proinflammatory states associated with these
models (Papers I-I1I) using various formulations of incretins or common metabolites. These include a
slow release form of Exenatide called PT302 (Paper I), a monomeric GLP-1/GIP/Gcg receptor
triagonist (Paper II), and the common metabolite of GLP-1 (Paper III). We additionally profiled the
pharmacokinetics of a new sustained release form of the GLP-1R agonist Exendin-4, PT302 (Paper I)
which has recently completed a Phase 2 clinical trial, successfully treating symptoms of intracranial
hypertension.”” This importantly links our preclinical studies to human ones, by ensuring that the dose
used in the former are clinically translatable to human use. Our studies have clarified possible functional
roles in the nervous system of the ubiquitously circulating metabolite of insulinotropic GLP-1(7-
36)amide, including neurotrophic and anti-inflammatory properties (Paper III). Identification of novel
mechanisms of neuroinflammation is key to drug development focused on brain injury and diseases.
The Nogo signaling system and the canonical RhoA/ROCK pathway it induces sheds light on new drug
targets for treating brain injury and disease. Using a relatively new immortalized microglial cell line
(IMG cells), we effectively demonstrate mechanisms by which RhoA/ROCK influence inflammatory
pathways (Paper IV). Lastly, we have for the first time demonstrated a pathological effect of microglial
Nogo protein following injury using a conditional KO model (Paper V). This research thereby bridges
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basic and translational science, aiding bench to bedside clinical drug development and defining drug
mechanisms underpinning clinical responses to potentially optimize future drug treatments.
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2 RESEARCH AIMS

1-

To describe rodent brain penetration of a slow release Exenatide, PT302. Additionally, to assess
the antifinflammatory potential of this drug in a model of mild traumatic brain injury at
clinically achievable dosing.

To apply lipopolysaccharide induced neuroinflammation in a primary microglia model to
demonstrate the anti-inflammatory capacity of a novel, monomeric GLP-1, GIP, Gcg receptor
triagonist.

To determine if the non-insulinotropic metabolite of GLP-1(7-36)amide, GLP-1(9-36), has any
central nervous system disease modifying effects. This includes exploration of neutrophic and
anti-inflammatory properties of this important metabollite.

To apply an imortalized microglial cell line (IMG cells) in parallel to primary microglia to
explore the roles of RhoA/ROCK signaling in neuroinflammation and define its utility in

neurological drug development.

To identify roles of microglial-Nogo proteins in both healthy and injured adult mouse brain.
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3 MATERIALS and METHODS

Materials and methods specific to this thesis are included in detail below. Common experimental
procedures (Western blot, ELISA, immunochemistry) are included briefly with more detailed
descriptions within the constituent papers.

3.1 Ethical Considerations and Permissions

All animal experiments in this thesis were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and followed current European Union
regulations (Directive 2010 / 63 / EU) agreement number A1301310. Experimental animal protocols
were approved by the Animal Care and Use Committee of the Intramural Research Program, National
Institute on Aging (438-TGB, 331-TGB, 497-TGB, 488-TGB) and followed the guidelines for animal
experimentation of the National Research Council (Committee for the Update of the Guide for the Care
and Use of Laboratory Animals, 2011) and the National Institutes of Health (DHEW publication 85-23,
revised, 1995). Use of animals was also approved at the Karolinska Institutet (Permit#: 17038-2020).
Of particular importance throughout our studies was applying the 3R principle (reduce, refine, and
replace) regarding use of animals. Throughout my thesis, I have aimed to minimize the number of
animals used in studies, while also maintaining the highest levels of care to minimize pain, suffering,
and stress incurred on animals. Animal numbers were chosen based on previous experiments in our
group. One major objective of my thesis was the further characterization and use of the IMG cell line
to replace PMg cell cultures for inflammation related drug screening. These cells express canonical
markers of microglia and respond similarly to challenges such as LPS as do primary microglia, which
require the use of many animals per cell culture. Papers III and IV utilized the IMG cell line which,
according to our studies, is a very robust model for PMg and will be utilized in further studies carried
out by my laboratories at the NIH and Karolinska Institutet to replace PMg cell cultures.

3.2 Animals used throughout studies

Animals throughout all studies were housed with ad /ibitum food and water in normal 12 h dark- 12 h
light cycles. Papers I and II utilized all male cohorts of adult CD1/ICR (Charles River Labs) outbred
mice weighing approximately 30-40 grams, housed five animals per cage. In Paper V mice were singly
housed to allow for individual activity tracking, which required a special amendment to our study
protocol (488-TGB-2022). Male Sprague Dawley rats (Charles River Labs) were used to assess brain
penetration of Exenatide in Paper 1. PMg cultures (Paper I1I and Paper IV) utilized young male CD1
mice for microglia extraction. Studies in Paper V utilized both male and female mice (described below).

3.2.1 Developing the MinoKO mouse

In Paper V we developed a conditional, microglial specific Nogo KO mouse that utilizes Cre-Lox
recombination technology. Cell type specific Cre-Lox recombination works by breeding one mouse that
has a gene of interest flanked by two loxP sites (floxed gene) with another mouse that expresses Cre
recombinase (Cre) enzyme under the control of a cell type specific promoter. Cre recognizes the floxed
sites and excises the gene, resulting in zero or disrupted downstream protein expression. To make this
system inducible (i.e., turn on at specific time), Cre is fused with an estrogen receptor (ER) that does
not bind to the endogenous hormone but has high affinity for tamoxifen (TAM). CreER resides in the
cell cytoplasm where it fuses to another protein, heat shock protein-90 (HSP90), that inhibits Cre from
entering the nucleus and performing recombination. When animals are introduced to tamoxifen,
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typically injected over several days, CreER is activated and dissociates from HSP90 to move into the
nucleus where it recognizes the loxP sites flanking the gene of interest.

To develop the microglial specific Nogo-KO mouse, we used Cx3cr“*EF 1P+ mice obtained from
Jackson Labs (Stock# 021160) and bred with Rtn4'*"'**F mice,'’ gifted to our group from Binhai Zheng
(available at Jackson Labs as Stock# 033364). Both of these mice have the inbred C57BL/6J
background. The Cx3crI“**YP** have inducible CreER and enhanced yellow fluorescent protein
(EYFP) knocked into the Cx3crl locus, a gene specific to microglial cells of the brain and peripheral
macrophages. This allows for constitutive expression of CreER and YFP in microglia under the control
of the Cx3Crl promoter. The RTN4"*"** mice have loxP sites inserted to flank the first and second
common exons of the three isoforms of Nogo: Nogo-A, Nogo-B, and Nogo-C, (Exons-4 and -5
specifically).'”” Through multiple stages of breeding, we generated a conditional Microglial Nogo
Knock-Out (MinoKO) mouse with confirmed genotypes heterozygous for CreER-YFP and
homozygous for the floxed RTN4 gene: Cx3Cr] B YFP #"RTN4 1P - Thig floxed region targeted is
commonly referred to as Nogo-66 and is one of the most prominent ligands of the Nogo signaling
system. To induce the KO of Nogo in microglia, we administered TAM (100 mg/kg) daily via IP
injection over five days, alternating injection sites. Before any experimentation, we allowed peripheral
macrophage populations expressing Cx3Cr1 to turnover (approximately six weeks),”®’ ensuring only
the effect of microglial recombination is observed. A full summary of MinoKO mouse design is shown
in Fig. 11A. The Cx3Crl promoter is one of the most widely used to specifically target microglial
specific Cre expression. Importantly, Cre does not drive any adverse phenotypes or activation of
microglia in adult mice.”®® We used three different genotypes of mice in the Paper V experiments; two
control animals, 1) which expressed CreER in microglia (Cre Control) and 2) another with no CreER
but floxed RTN4 sites (Floxed Control), and 3) the MinoKO mouse which expresses CreER in microglia
and also has a floxed RTN4 gene (Fig. 11B).
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Figure 11. Design of MinoKO mouse and other mice used in Paper V. (4) The MinoKO mouse utilizes CreER-
Lox recombination to selectively delete the Nogo-66 region common to Nogo-A, -B, and -C. (B) Three genotypes
of mice are used in Paper V.
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3.3 Injury Models of TBI: WD and CCI

Our studies utilize rodent TBI to model human head injury but also to quickly induce pathology that is
common in neurodegenerative disorders, most notably, neuroinflammation. This allows our group to
screen drugs in vivo that have already demonstrated in vitro efficacy. Animal models of
neurodegeneration often involve expensive Tg mice that are resource intensive, including long periods
of aging for up to years at a time. Evaluation of TBI saves time and resources and helps pinpoint the
most promising drugs to advance into more complex aging or neurodegenerative disease models. We
utilized the WD method to induce a mTBI (Paper I and Paper II) and CCI (Paper V) to induce a
moderate TBI. Schematic diagrams of the TBI models used herein are shown in Fig. 9. Briefly, WD
procedures were performed while mice were anesthetized with isoflurane (5%) and placed on a sponge
with the temporal region of the head directly under the WD tube. A 30 g cylindrical weight
(approximately the same weight as the mouse) was then dropped on the closed head to induce the mild
injury. Mice were then placed back in cages for observation. This WD mTBI model has parallels to
concussive head injury in humans, in which a person falls under their own weight and strikes their head
or clashes heads with a person of approximately their same weight. For CCI injuries, mice were placed
under deep aesthesia using 2.5% tribromoethanol (Avertin: 250 mg/kg; Sigma, St. Louis, MO, USA)
and placed in the stereotaxic frame. A craniectomy was then performed, removing a small portion of
the skull near the right motor cortex. The CCI device, Impact One (Leica Biosystems Inc., Buffalo
Grove, IL, USA) allowed for adjustable impact depth. We used a 1 mm depth based on our prior
experience inducing head injuries that impact motor function.

3.4 Pharmacokinetic Studies

In Paper I, we assessed blood plasma pharmacokinetics of a slow release Exenatide formulation
(PT302, Peptron) in mice, while CNS assessment was performed in Sprague-Dawley rats. For the
mouse studies, dose range studies were initially performed in mice without mTBI (PT302 dose
evaluation range 0.1 to 2.0 mg/kg; blood sampling 7 days later) to assess dose-dependent linearity of
plasma Exenatide levels. We also assessed blood plasma Exenatide levels in mTBI challenged mice,
using a single PT302 dose (0.6 mg/kg) administered 1 h post-TBI and blood samples withdrawn at 12,
24 and 72 h. This allowed us to understand whether mTBI affected metabolism or brain uptake of the
Exenatide, thus reducing circulating levels. Three doses of PT302 were chosen based on these initial
studies (low: 0.024 mg/kg, medium: 0.12 mg/kg and high: 0.6 mg/kg) for the 7 day time-dependent
release, with samples collected before dosing and at 1, 24, 168, 336, and 504 h after dosing. One or
more time-dependent blood samples (approximately 0.25 mL) were obtained from the sub- mandibular
vein® to assess blood Exenatide levels. This allowed us to assess the steady-state plasma levels of
PT302 maintained over three weeks. These studies allowed evaluation of steady-state plasma Exenatide
concentrations that were then matched to human studies to allow our selection of drug doses in our
rodent studies that provided alike plasma drug levels in humans. In this manner (and in accord with US

FDA guidelines) or our studies in rodents are clinically translatable to humans.

Although most of our studies are carried out in mice, we use rats to test the ability of the various
formulations of Exenatide to penetrate the BBB, as their size allowed the sampling of a sufficient
volume of cerebrospinal fluid (CSF) (approximately 100 pL) for quantification of the drug. We
previously performed pilot studies in mice that showed excessive background in samples did not allow
for accurate Exenatide readings below 100 pg/mL. Other studies have established BBB permeability to
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be roughly equivalent in mice and rats across a wide range of drugs.”’® We therefore evaluated Exenatide
uptake into CSF as a measure comparable to human studies using the rat as an animal model.

As prior studies have demonstrated that there is no change in the integrity of the BBB following a 30 g

21 our studies to compare Exenatide CSF and plasma levels did not

WD mTBI challenge in mice
involve a TBI challenge. In separate groups of animals (N=4 to 5 per group), Exenatide was
administered s.c. in the form of either (i) PT302 containing 0.46mg or 0.92mg Exenatide, (ii) via mini
pump (Alzet model 2ML2, Cupertino, CA) delivering 7.0 pM/kg/min or 15.0 pM/kg/min as an
alternative means to maintain steady-state plasma levels, or (iii) twice daily immediate release Exenatide
(4.6 or 10 pg/kg daily). Pumps were implanted aseptically via a small incision in the back of the neck
under isoflurane anesthesia. Plasma and CSF (from cisterna magna) samples were obtained from all
animals on day 14 after the initiation of Exenatide administration. For the immediate release Exenatide,

plasma and CSF were collected 90 min following the final subcutaneous (s.c.) dose.

Across our pharmacokinetic studies, blood samples were collected into heparinized tubes that contained
aprotinin; blood was centrifuged (10,000 gx 4 min at 4°C) and plasma collected and immediately stored
at-80 °C. Plasma Exenatide concentrations were quantified with an Exenatide fluorescent immunoassay
kit (Phoenix Pharmaceuticals Inc., Burlingame, CA). An organic solvent extract was obtained by adding
methanol to the plasma that contained either the Exenatide standards or the in vivo obtained test samples.
Our calibration curves ranged from 20 to 5000 pg/mL, and quality control samples were prepared at the
concentrations of 40, 150, and 300 pg/ mL. CSF samples were withdrawn from animals and immediately
frozen at -80°C. Calibration curves were prepared from 100 to 1000 pg/mL. All samples, including the
Exenatide standards, the quality control samples, and the test samples, were assayed in duplicate.
Fluorescence was detected with a Tecan GENios (Grddig, Austria) microplate reader at an excitation
wavelength of 320 nm and an emission wavelength of 420 nm.

3.5 Cell Culture

All cell cultures were maintained in a 37°C incubator (5% CO; and 95% air), with media replacement
every other day or as indicated.

3.5.1 HMC3 and IMG Cell Culture

The IMG cell line?” (Sigma-Aldrich, cat# SCC-134) were used in Papers IIT and IV. Cells were
cultured in High Glucose DMEM (Sigma Cat. No. D6546) with 10% fetal bovine serum (Gibco™
cat#10082147), 1x L-Glutamine (Sigma, cat# TMS-002-C) and 100 U/mL penicillin/streptomycin
(Gibco™, cat#15140148). For subculture, Accutase® detachment media (Sigma, cat#A6964) was used.
Cells were grown in 24- or 48-well tissue culture treated (TCT) plates and plated at a density of 40,000
or 20,000 cells/well respectively in 500 mL of media for experiments. Fresh media was added on day 1
after passaging and changed every two days as needed. For Western blot studies and protein extraction,
IMG cells were grown in 6 cm TCT dishes at a density of 1x10° cells/dish.

The HMC3 transformed human microglial cell line (cat# CRL-3304, ATCC), was utilized in Paper III.
HMC3 cells were cultured similarly to IMG cells but with EMEM media (ATCC). We use 0.25%
trypsin and 0.53 mM ethylenediaminetetraacetic acid (EDTA) (Invitrogen, cat#AM9912) for
subculture. A maximum of 10 passages were used for the IMG and HMC3 cells.
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3.5.2 Primary Microglia (PMg) Isolation and Cell Culture

PMg cultures were utilized in Papers II and IV. Microglia were isolated from one-month old adult
CD1 mice as previously described (Hammond et al., 2019 and Lee & Tansey, 2013) with minor changes.
Briefly, animals were anesthetized with isoflurane and transcardially perfused with ice cold Hank's
Balanced Salt Solution (HBSS) (Gibco cat#14175095). The brains were rapidly removed and placed in
HBSS on ice, minced, and mechanically processed with a 15 mL Dounce homogenizer (Wheaton) using
the loose followed by the tight-fitting pestle (8 strokes with rotation from each pestle). Cell suspensions
were filtered on a sterile, pre-wet (HBSS), 100 pm filter (Corning™ cat# 431751) and centrifuged
(600xg, 8 min, 4°C). Using a percoll gradient (37% on top of 70% isotonic Percoll) with centrifugation
(700 x g, 18 °C, no brake) we were able to isolate immune cells from myelin and other cell debris. These
cells were washed and further purfied using MACS CD11b staining and separation (Miltenyi Biotec)
according to the manufacturer protocol. CD11b positive cells were plated on Poly-D-Lysine (PDL)
coated 96-well plates (Corning Biocoat Poly-D-Lysine cellware cat# 354461) (density of 10,000
cells/well) and grown for 12—14 days in 150 pL complete microglia medium (MM, ScienCell Research
Laboratories cat# 1901) with half media changes every other day.

3.6 Drug Treatments and Cellular Challenges

3.6.1 Triagonist, GLP-1(9-36), Nogo-P4, Narciclasine, RKI1447, Y27632

Cells were pretreated with any of the various pharmacologic interventions prior to any challenge; 24
hours for GLP-1(9-36) (Paper III) and 1 h for other pharmacological interventions (Paper IV). This
allows drug treatments to activate or inhibit pathways of interest and provides opportunity to understand
how these pathways affect the inflammation response. Incubation of drugs or other pharmacologic
intervention continued in parallel with the LPS challenges. We determined dose ranges of Triagonist,
GLP-1(9-36), Nogo-P4, Narciclasine (Narc), RKI11447, and Y27632 via pilot experiments, including
viability and ELISA cytokine assessments, along with previously published studies.

3.6.2 Lipopolysaccharide (LPS) Cell Culture Challenges

LPS was used as an inflammatory challenge in Papers II, III, and IV. PMg and IMG were challenged
with LPS (from E. coli O55:B5) (Sigma, cat# L.2880) at varying doses to optimize challenge conditions.
In Paper I1I, cells were incubated with GLP-1(9-36) at two doses (100 nM and 1 uM) for 24 h prior to
LPS challenge. For other studies, LPS challenges were carried out 1 h after any pharmacologic
intervention. A submaximal LPS dose of 1-10 ng/mL was used throughout these studies. Importantly,
these dosages are useful for assessing whether the addition of an experimental drug/compound can
either lower or further elevate cytokine levels. For experiments visualizing NF-kB nuclear translocation
in Paper IV, the LPS challenge was only for 15 minutes which allowed for peak activity of NF-«xB to
be visualized.

3.7 Brain Fixation and Processing

All brains used for histological or immunochemical staining were removed from mice that underwent
transcardial perfusion, first with PBS and then followed by 4% paraformaldehyde (PFA) for fixation.
After brain dissection, they were immersed for another 24 h in PFA. We then performed glucose
saturation, first with a 20% glucose solution for 24 h and then 30% glucose for 24 h. To cut the tissue,
brains were mounted on cryosectioning chucks with optimal cutting temperature (OCT) compound.
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Brains were then sliced in 20 pm sections and stored in cryoprotectant for later use. (Papers I, 11, IV,
V).

3.8 Immunocytochemistry (ICC) and Immunohistochemistry (IHC)

Briefly, tissue or cells underwent a blocking/permeabilization step for 1 h in a PBS solution consisting
of 3% BSA with either 0.1% saponin (for cell culture) or 0.1-0.2% Triton (for free floating brains).
Primary antibody was then applied for either 1 h at room temperature (RT) or overnight at 4°C and
followed by three washes. Primary antibodies used are shown in Table 3. Corresponding secondary
antibodies were then applied for 1 h at RT followed by washing. Cells or brain slices were often
counterstained with mounting media containing DAPI for nucleus visualization. All immunochemistry
experiments were imaged using a Zeiss LSM 880 confocal microscope. (Papers I-V)

3.9 Giemsa Staining

Quantification of brain lesion and lateral ventricle size in TBI animals was performed using FIJI from
images gathered from Giemsa stained serial 2-weeks post-CClI brain sections (Paper V). Serial brain
slices from 2-week post-TBI or sham (20 pm) were mounted on slides, air dried, rehydrated in 1/15 M
KH>P0O4(9.07 g/ L; Sigma, cat# P0662) bufter for 10 min followed by 30 min saturation in 10% Giemsa
(Sigma, cat #12-0440) KH,POs buffered solution (pH 4.5) at 40°C. Following a wash in KH2PO4
solution, the slides were de-saturated and dehydrated in a series of absolute ethanol washes (1 min x 3).
Xylene (Sigma, cat# 534056) was then used to clear the tissue cover-slipped (Epredia™ Cytoseal™ 60,
FisherScientific, cat#23-244257). Slides were imaged using the BZ-X710 (Keyence Corporation of
America, Itasca, IL, USA) microscope, and brain image areas were quantified using ImageJ 1.52q
software (National Institutes of Health, Bethesda, MD, USA).

3.10 NF-kB signal quantification

IMG single cell nuclear localization of NF-kB (Paper IV) was performed using FIJI* in images stained
with NF-kB and DAPI. We used the following protocol: Separate Channels>Manually threshold
DAPI>Fill Holes (DAPI)>Watershed (DAPI)>Analyze Particles (Size: 50-infinity, Circularity: 0.20-
1.00, select: Add to Manager) (DAPI)> Select NF-kB Channel Image> Overlay from ROI Manager>
Select “Measure” from ROI manager (NF-kB channel image). Mean gray value (MGV) [the sum of the
gray values (Optical Density, OD) of all the pixels in each nucleus divided by the total number of
pixels/nucleus] was recorded for each nucleus. Multiple fields of view were used for analysis in each
group, with image averages making up a single biological replicate. Approximately 550 cell nuclear
signals were averaged per n. Two separate cell cultures confirmed results for both ROCK inhibitor
treatment and siRNA treatment.

3.11 Microglia Morphology Analysis

We used MotiQ, an automated analysis software developed for use in Imagel]
(https://github.com/hansenjn/MotiQ) to assess Ibal® microglial morphological parameters

(ramification index, spanned area per cell, branch end points, and total length of tree skeleton). Healthy
microglia have highly complex branching to survey surrounding tissue. When microglia sense damage
or other abnormal signaling, they retract their processes to respond, often activating phagocytic cellular
programs and also secreting proinflammatory proteins. Although morphology isn’t completely
wholistic in identifying microglial function, it provides clues to the inflammatory state of the cells.?
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Ramification index is a unit free metric calculated by comparing the ratio of the cell surface area to the
surface area of a perfect sphere with the same volume as the analyzed cell. A ramification index of 1
corresponds to a perfectly round cell with completely retracted processes, with higher ramification
indices seen in homeostatic microglial with increased branching complexity. Data shown are averages
of all microglia measured from each brain region (20 microglia per brain region).

3.12 Western Blot

IMG cells lysates were isolated form 6 cm dishes with respective treatments [Vehicle, Y27632 (100
uM), RKI11447 (10 uM) = LPS (10 ng/mL)]; n=3 or 4 plates/group. For each lane 40 pg of protein were
resolved on precast 15-well Nu-PAGE™ (ThermoFisher) 4-12% (cat# NPO323BOX) or 10% (cat#
NP0303BOX) Bis-Tris gels and transferred to PVDF membrane, 0.45 pm, (Immobilon, FL-Transfer
Membrane, cat # IPFL00010). Primary antibodies (Table 3) were applied overnight at 4°C. Following
three washes secondary antibodies were applied at RT. Membranes were then imaged using the LI-COR
imaging system (Odyssey Clx Imager, RRID:SCR_014579, LI-COR Biosciences, 4647 Superior Street,

Table 3. Antibodies used across all studies.

Antibody Company Catalog # Species Paper Dilution/Method
lbal Abcam ab5076 Goat | 1:500/IHC
Map-2 Synaptic Systems 188003 Rabbit 1] 1:1000/1CC
P2Ry12 Biolegend 848002 Rat 1] 1:200/ICC
GLP-1R Invitrogen PA5- 97789 Rabbit 11 1:100/ICC
lbal Synaptic Systems 234004 Guinea Pig I, v, v 1:500/IHC and ICC
TMEM119 Synaptic Systems 400001 Mouse \% 1:200/IHC and ICC
NF-«B Cell Signaling 6956S Mouse \% 1:500/1CC
Phalloidin Invitrogen A12379 n/a \Y 1:500/ICC
Cofilin Invitrogen MA5-27737 Mouse v 1:1000/ Western Blot
P-Cofilin (Ser3) Cell Signaling 3313-S Rabbit 1\ 1:1000/Western Blot
GAPDH Invitrogen MA5-15738 Mouse \Y 1:5000/Western Blot
GAPDH Cell Signaling 2118S Rabbit I\ 1:1000/Western Blot
iNOS Cell Signaling 131208 Rabbit \% 1:1000/ Western Blot
GFP/YFP Abcam ab290 Rabbit \Y 1:500/IHC
Nogo Santa Cruz 271878 Mouse Y 1:50/IHC
GFAP Invitrogen PA1-10004 Chicken Y 1:1000/1HC
CD11B-488 Invitrogen 53-0112-80 Rat \Y 0.5 pg/100pL : FACS
P2Ry12-APC Biolegend 848006 Rat \Y 1 pg/ 100uL : FACS
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Lincoln, Nebraska, USA.) Anti-inflammatory effect from drug treatment was confirmed before blotting
with two experiments confirming results.

3.13 Cell Viability/Toxicity Assay

We examined cell viability/drug toxicity with the CellTiter 96® Aqueous One Solution Cell
Proliferation Assay kit (MTS) (Promega, cat#G3580) according to the manufacturer’s protocol (Papers
III and IV). The MTS assay works by analyzing formazan concentrations, a product produced in
proportion to the viable cell populations (490 nm absorbance). Following experiments, media was
collected and replaced and incubated with MTS reagent. After a 1 h incubation at 37°C, plates were
read using the Tecan infinite M200 Pro plate reader. Results of the MTS assay were used to normalize
subsequent cytokine readouts determined via ELISA or MSD assay.

3.14 Single plex mouse TNF-a and IL-6 ELISA

Single plex enzyme linked immunosorbent assays (ELISAs) were used to evaluate treatment effects on
the inflammation related cytokines TNF-a and IL-6 (Papers II, I11, and IV). BioLegend’s Mouse TNF-
o ELISA MAX™ Deluxe Set (cat#430904), Mouse IL-6 ELISA MAX™ Deluxe Set (cat#431304), or
Human IL-6 ELISA MAX™ Deluxe Set (cat#430904) were used, according to the manufacturer’s
protocol. At least three separate cultures confirmed the effects of Y27632 and RK11447 against an LPS
challenge. Two separate experiments confirmed effects of Narc and LPS on cytokine production. All
cytokine results were normalized to MTS assay readouts. Single plex ELISAs were read using the
SpectraMax PLUS 384 plate reader with Softmax Pro v. 7.1 software.

3.15 Mesoscale Discovery (Electrochemiluminescence) Detection of
Cytokines

Media samples obtained from LPS, Y27632 and RKI1447 treated primary and IMG cells (Paper 1V)
were subjected to multiplex analysis examining the levels of IFN-y, IL-1B, IL-2, IL-4, IL-5, IL-6,
KC/GRO, IL-10, IL-12p70, and TNF-a. We used the V-PLEX Mouse Proinflammatory Panel 1,
MULTI-SPOT® 96-well, 10-spot plate (cat!NO5048A-1, Meso Scale Discovery) according to the
manufacturer’s protocol. IL-4 and IFNy were below the level of assay detection and hence are not
included in graphs.

3.16 Behavioral Assessments

We employed a variety of behavioral assessments throughout Papers I, II, and V. In Papers I and 11
working and recognition memory were tested with the spontaneous alteration test (Y-maze) and novel
object recognition (NOR) tests. A modified version of the spontaneous alteration test was also used in
Paper V. Briefly, the spontaneous alteration test measures subjects’ willingness to explore new areas,
while the NOR measures the ability of subjects to recognize new objects. Mice with memory deficits
will not explore the new areas or objects more than old or familiar spaces/objects. Anxiety was evaluated
using the elevated plus maze (EPM) in Papers I, II, and V together with the open field test (OFT).
Mice that have increased anxiety will explore open arms of the EPM less than mice with no anxiogenic
phenotypes. In the OFT, mice that are anxious tend to not explore the center of the apparatus. The OFT
was additionally used as a measure of locomotion, which was determined over 30 minutes of exploration
allowed by each mouse. In Paper V we also used the Morris Water Maze (MWM) and conditioned fear
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paradigms to assess memory before and after CCI, respectively. The MWM measures the ability of mice
to remember where a rescue platform is located. Several trials of training allow mice to learn where the
platform is. Mice with poor memory will spend longer times locating the platform. In the conditioned
fear paradigm, mice learn to associate a shock with a sound and will typically exhibit freezing behavior
in response to a sound and anticipation of shock as training in the test progresses. Those that do not
associate the tone with the shock freeze less and typically are considered to have deficits in
learning/memory. In Paper V, mice were singly housed with activity continuously tracked using the
digital individually ventilated cage system (DVC™; Tecniplast). Animals were tracked for 42 days pre-
CCI and 14 days post-CCI. The last test behavior evaluated in Paper V was asymmetrical motor
function assessed via the elevated body swing test (EBST).?” Briefly, the EBST measures the tendency
for unilaterally brain injured mice to turn their body contralaterally when held by the base of the tail.
Motor function disruptions on one side of the brain bias ability to turn towards the contralateral side.
Normally, animals will turn roughly 50% to either side. Mice were assessed over 20 turns before CCI
and 7 and 14 days post-CCI. Full descriptions of behavioral assessments are found in constituent papers.

3.17 siRNA Transfection

To assess ROCK1 and ROCK2 specific roles in inflammation, we utilized an siRNA approach in IMG
cells (Paper IV). Silencer Select pre-designed siRNAs (ThermoFisher) for ROCK1 (cat#4390771),
ROCK2 (cat#4390771), and negative control/scrambled moieties (cat#4390843) were used.
Transfection was performed according to manufacturer’s protocol (#MAN0007825 Rev1.0) with
Lipofectamine™ RNAIMAX transfection reagent (ThermoFisher, cat#13778075) in OptiMEM™
reduced serum media (Gibco™, cat#31985070). We performed the transfections with ROCK1 and
ROCK?2 siRNAs both separately and combined to understand if there was an individual or combined
contribution of ROCK inhibition responsible for decreased inflammatory cytokine production. Cells
were treated with siRNAs for 24 h and then challenged with LPS for an additional 24 h. siRNA
transfection continued in parallel to the LPS challenge. Media was collected and evaluated for TNF-a
and IL-6 via ELISA.

3.18 FACS sorting

Microglia were extracted from MinoKO, Cre Control, and Floxed Control animals as described above
for PMg cultures (Paper V). Cells were resuspended in 100 mL FACS staining buffer (HBSS without
calcium or magnesium, ImM EDTA, and .5% UltraPure BSA) and incubated in TruStain FcX™ Block
(BioLegend) for 10 minutes followed by subsequent addition antibodies (P2Ry12 and CD11b) at
manufacturer recommended dilutions. The Beckman Coulter Moflo XDP cell sorter was used with a 70
um nozzle, 39psi sheath pressure, and a sample flow rate of 2000-3000 cells/second. Samples were
collected on ice cold 100 mL FACS collection buffer (HBSS, ImM EDTA, and 1% UltraPure BSA) in
RNAse free 500 mL tubes). Live cells were gated from total isolated cells, followed by a doublet
exclusion step and subsequent gating via antibody stains. Controls were used to establish gating
boundaries for final sort. RNA was immediately extracted from samples using the Arcturus™ Pico-Pure
(Cat#KIT0204) kit according to manufacturer’s protocol.

3.19 RNA Quantification and Quality Assessment

For RNA isolated from FACS sorted microglia (Paper V), we employed the Agilent 2100 Bioanalyzer
using the RNA 6000 Pico Kit (cat # 5061-1513) to quantify and assess quality of each sample. RNA
samples with RNA integrity number of 7+ were used for downstream RT-qPCR to confirm

41



recombination in MinoKO mice. Quality and concentration of total RNA from IMG cells (Paper 1V)
were determined using the NanoDrop™ 2000 spectrophotometer (ThermoFisher, cat# ND-2000,
RRID:SCR_018042) by measuring absorbance at 230, 260 and 280 nm wavelengths. Only RNA within
acceptable ratios was used for subsequent analysis.

3.20 RT-gPCR for IMG Cells

RNA isolated from IMG cell treatments (Paper IV) was quantified using the RNAEasy kit (Qiagen,
cat# 74136) according to manufacturer’s protocol. Total RNA (1 pg) was converted to cDNA using the
iScript™ cDNA Synthesis kit (20 pL reaction) according to manufacturer’s protocol using a BioRad
MJ Mini™ Personal Thermocycler. cDNA generated (10 ng/reaction) was used for downstream RT-
gPCR using the iTaq™ Universal SYBR® Green Supermix (Bio-Rad, cat#1725121;10 pL reaction).
Primer sequences used are shown in Table 4.

Table 4. Primer sequences for primers used in the evaluation of mRNA transcript levels.

Probe Name 5°-3’ Sequence Source
Fw GCTCATCTCTGTGTGACTCT
ROCKI1 NM_009071.2
Rv TACGGAAAGCAAGTCAGACC -
Fw GGTCAATCAGCTCCAGAAAC
ROCK2 NM_009072.2
Rv GTTTGGAACTTTCTGCCTGG -
TNE Fw GGCAGGTCTACTTTGGAGTCATTG 276
-o
Rv ACATTCGAGGCTCCAGTGAATTCGG
. Fw TACTCCATCAGCTCCTCCCA
iNOS NM_010927.4
Rv GTTCCTGATCCAAGTGCTGC
L6 Fw TTCTTGGGACTGATGTTGTTGAC 277
i Rv AATTAAGCCTCCGACTTGTGAAG
f-actin Fw TGAGAGGGAAATCGTGCGTGAC NM_007393.4
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4 RESULTS and DISCUSSION

41 Incretin Mimetics are Anti-Inflammatory in in vitro and in
vivo mouse models of neuroinflammation (Papers I-llI)

411 Paper]|

In mice, PT302, a slow release Exenatide formulation, is anti-inflammatory in a model
of mTBI and dose-dependently maintains blood plasma concentrations, entering the
brain at therapeutic concentrations.

As there are many formulations of incretin mimetics already developed for metabolic diseases,
repurposing these drugs towards treating neurodegenerative disorders requires understanding of their
ability to enter the brain and confer reparative mechanisms.*** Incretins are peptide drugs that have
large molecular weights, making it a challenge to optimize formulations that readily cross the BBB. In
Paper I we sought to characterize the pharmacokinetics and action of a new slow release formulation
of Exenatide, PT302 (currently referred to PT320). Delivering the drug subcutaneously in mice at
several doses (.1-2 mg/kg), we initially established dose-dependent plasma concentrations at 7 days post
injection (Figure 12A). From this data we selected three doses that skirt plasma concentrations
achievable in humans administered Exenatide, and then administered these to mice as a single injection
of low (.024 mg/kg), medium (0.12 mg/kg), and high (0.6 mg/kg) doses of PT302 to evaluate their time-
dependent concentrations over 21 days. Each dose maintained steady-state plasma levels of Exenatide
over the 21 days, with peak concentrations occurring at 14 days (Figure 12B). These results are in line
with steady-state plasma levels achieved with a common clinical dose (2 mg) of Exenatide
(Bydureon™), which were found to provide therapeutic benefit for PD patients in a recent clinical trial.**
Importantly, mTBI had no effect on plasma Exenatide concentrations, indicating no disruption in drug

Pharmacokinetic profile of Exenatide following single-dose PT302 subcutaneous injection in mice
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Figure 12. Single subcutaneous injection of PT302 produces dose dependent steady state plasma
concentrations of Exenatide that also enters the brain.
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metabolism/distribution from the injury (Figure 12C). Producing steady-state plasma levels is important
in order for the peptide to enter the brain, as constantly maintained plasma drug levels act as a primary
driving force to achieve brain entry.

As our study evaluating Exenatide concentrations in CSF shows, immediate release Exenatide did not
achieve any detectable brain penetration, while PT302 (subcutaneous) and Exenatide delivered via mini-
osmotic pump, did at levels 1.5%-2% of accompanying plasma levels (Figure 12D). The mini-osmotic
pump was used in lieu of availability of the clinical grade, once-weekly delivered slow release form of
Exenatide called Bydureon, and the immediate release formulation mimicked the clinically approved
Byetta. Both of these drugs are commonly prescribed for diabetes patients. However, Byetta and
Bydureon recently have been discontinued by Astrazeneca due to business rather than safety or efficacy
reasons; thereby making the development of PT302 yet more important.

Along with the pharmacokinetic profile of PT302, we examined its effects in mice that were subjected
to mTBI. Our group has previously established that the weight drop model of inducing mTBI produces
behavioral deficits in mice, including spatial and recognition memory tests, the Y-maze and novel object
recognition (NOR) tests, respectively.'”® We have also shown incretin mimetics to be effective at
mitigating these deficits while conferring neuroprotection and anti-inflammatory action against the
same TBI injury.'?62!421527827 \yith all of this evidence, we hypothesized a therapeutic benefit would
also be expected with PT302 administered at clinically translatable doses via the clinical route
(subcutaneous). Indeed, cognitive impairment was reversed both 7 and 30 days post mTBI, via the Y-
maze and NOR tests, with our studies confirming that PT302 reduced the amount of neuronal cell death
induced by the injury. Neuroinflammation was also reduced, demonstrated via reduced microglial
(Ibal) and astrocyte (glial fibrillary acidic protein-GFAP) immunostaining of affected brain regions,
Ibal and TNF-a colocalization, and microglial coverage post mTBI. An example of the effects of PT302
on microglial immunoreactivity 72 hours post mTBI is shown in Figure 13. mTBI increases Ibal
immunoreactivity, which is reduced by both a low and high dose of PT302.

Although direct comparison to Bydureon™ was not possible in this study, our group has since
performed head to head pharmacokinetic studies between Bydureon and PT302 in non-human

primates.?®

While total exposure to Exenatide was similar between PT302 and Bydureon, PT302
showed superiority in more rapidly reaching and maintaining steady-state blood plasma levels, while

Bydureon dipped below therapeutic concentrations earlier and behaved in a biphasic manner.

Brain concentrations of Exenatide delivered in a slow release form reach similar levels in humans.*
Interest in small molecule, non-peptide designer GLP-1R agonists including TTP273*! and TT-
OAD2?*? may provide a new option to explore GLP-1R agonists that confer higher potency in the CNS.
Although these small molecules have potential for increasing brain penetration, they have yet to be

proven more effective at crossing the BBB.?**

Regardless, we have shown that maintaining steady-state
plasma levels of Exenatide is an important factor in increasing the amount of drug that enters the brain.
Structurally equivalent rapid release Exenatide, did not enter the brain at detectable levels, highlighting
the need for more studies to understand which clinically approved medications should move forward

for repurposing towards treating neurodegenerative disorders.
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Representative image: Ibal IR hippocampus - CAl1
CTRL

mTBI

mTBI+PT302 0.6 mg/kg mTBI+PT302 0.12 mg/kg

Figure 13. mTBI induced increases in hippocampal microglia immunoreactivity is decreased with
both low (.12 mg/kg) and high (.6 mg/kg) doses of PT302 (72 h post-TBI)..
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412 Paperli

A monomeric GLP-1/GIP/Gcg receptor triagonist induces neuroprotective cellular
pathways, reduces TNF-a released from PMg cultures, and mitigates behavioral
deficits associated with mTBI.

Joining a growing body of literature showing that incretins exert protective action on the brain, we
showed in Paper I the neuroprotective and anti-inflammatory effects of a new slow release formulation
of Exenatide, PT302. Though single GLP-1R agonists are very effective for treating diabetes clinically
and mitigating pathology in models of brain injury/neurodegeneration as we and others have previously
shown, 2% there is growing interest in delivering unimolecular multi-agonist incretin mimetics that
may potentially provide even more robust effects.” Dual agonism of GLP-1/GIP receptors or GLP-
1/Geg receptors with monomeric compounds have been shown to provide enhanced effects over single

#62% and in treating metabolic diseases in

receptor agonists in animal models of neurodegeneration
humans.**2*? In a recent clinical trial, Tirzepatide, a dual GLP-1/GIP receptor agonist, produced
enhanced weight loss compared to the single GLP-1R agonist, semaglutide.””* Although in infant stages
of development, unimolecular triple receptor agonists combining GLP-1, GIP, and Gcg have been
recognized to be superior to dual receptor agonists for treating metabolic diseases in humans and in

294,295

animal models, producing more physiologically balanced signaling.?®® Triple receptor agonists

were also beneficial to mitigating pathology and cognitive deficits associated with AD mouse

models_96,97,297

As triple agonists are currently being developed for treating metabolic diseases and in the light of the
growing evidence of synergistic benefits of activating all three receptors, we hypothesized in Paper 11
that a unimolecular incretin based triagonist would be beneficial in our models of neurodegeneration
and neuroinflammation, including the WD model of TBI. In addition, we used a variety of cellular
assays to assess signaling characteristics of the drug. We used the SH-SYS5Y neuroblastoma cell line as
a model system for neuronal cultures and assessed the levels of cAMP produced by the drug. cAMP is
a primary upstream regulator of several cell signaling pathways that are neurotrophic, neuroprotective,
anti-apoptotic and anti-inflammatory.***® The triagonist dose dependently increased production of
cAMP in SHSY-5Y cells, sustaining steady expression levels over one hour. Additionally, the triagonist
produced significantly more cAMP in both SH-SYSY cells and primary astrocytes than Exendin-4
(single GLP-1R agonist), in line with the previous studies mentioned above. We further showed the
triagonist provided superior neuroprotection against glutamate induced toxicity than dual or single
incretin receptor agonists. Using various combinations of GLP-1, GIP, and Gcg receptor antagonists,
we showed that this particular formulation of triagonist does not exhibit biased agonism towards one

receptor; rather, its neuroprotective benefit relies on all three receptors being activated.

For this study, I introduced the primary mouse microglial model of neuroinflammation and found that
the triagonist exerts potent anti-inflammatory action against an LPS challenge, significantly reducing
TNF-a production from the cells (Figure 14). This is the first application of the triple agonist performed
on PMg cultures and is in line with the in vivo studies showing an incretin-based triagonist reduced
microglial and astrocyte activation in an AD mouse model.””” As we showed in Paper I, the mouse WD
TBI model produces lasting cognitive deficits that were ameliorated by administration of a GLP-1R
agonist. We therefore assessed whether the triagonist produced similar cognitive benefits. Triagonist
was administered at a clinically translatable dose via its clinical route (subcutaneous) once daily for
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seven days after the TBI and produced lasting effects, as the deficits shown in the Y-maze spontaneous
alteration test and NOR test were reversed both 7 and 30 days post mTBI.

One disadvantage of the triagonist studied in Paper II versus PT302 of Paper I is the requirement for
daily injections. Pain associated with injections can affect patient willingness to use a drug, and
increased frequency of this delivery mechanism can reduce overall compliance.”” As the benefits of
triple receptor agonists become increasingly understood and applied to human conditions, technology
advances made for delivering single GLP-1R agonists, such as PT302, will undoubtedly be applied to
these peptides. Nevertheless, this current study cross-validates efficacy shown in our previous work
with single and dual incretin receptor agonists in animal models of TBI'#%196:213300301 41510 with other
assessments of triple incretin agonists in mouse AD models.”**” As studies of triple incretin receptor
agonists in humans advance, parallel assessment of these compounds for neurological conditions is
warranted.

600
E 400
o
-
3
z
Z 200
0
Triagonist(M): 0 107 0 108 107

LPS 100 ng/ml

Figure 14. Anti-inflammatory effects of Triagonist against on LPS challenge in PMg cultures. Cells were treated
with triagonist 1 h before LPS challenge. TNF-a. levels were measured after 24 h. **P < 0.01 vs. LPS alone
(red bar) (n = 4 per group).
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4.1.3 Paperlll

The insulinotropic GLP-1(7-36) metabolite, GLP-1(9-36), is neuroprotective and anti-
inflammatory in models of neurodegeneration.

As we have previously described in Papers I and II, incretin mimetics are widely used for treating
diabetes and are now being repurposed towards use in neurodegenerative orders. Individuals with
diabetes have heightened risks for developing chronic neurodegenerative disorders, including AD** and
PD,*” with insulin resistance also a strong link to these diseases.®® Interestingly, diabetes patients treated
with incretin mimetics have lower risk for developing PD**3* or stroke,**" further highlighting the
connection of metabolic dysfunction with brain disease. Abnormal incretin and insulin signaling play
roles in the eventual development of disease, making insulin a possible treatment for neurodegeneration;
however, a clinical trial (NCT01767909) was performed testing the feasibility of using intranasal insulin
to treat cognitive impairment and no benefit was observed over a 12-month treatment period.*”® This is
in contrast to PD disease modifying effects observed from once weekly administration of a GLP-1R
agonist in a human clinical trial (NCT01971242).%* One reason for discrepancy and possible increased
benefits from using incretin mimetics over insulin is that incretin mimetics restore insulin signaling
pathways that insulin alone cannot repair.’*® Additionally, the pleiotropic action of incretins, compared
to insulin, on many cell types throughout the brain and body via their respective GPCRs activate
pathways particularly beneficial to reducing neurodegenerative pathology.*”’

While much focus has been put into understanding how incretin and insulin dysfunction play roles in
neurodegeneration, very little attention has been paid to biological roles of long acting circulating
metabolites of GLP-1(7-36), most notably GLP-1(9-36), which is produced via the rapid cleavage of
the parent peptide by DPP-IV. GLP-1(9-36) remains in the blood at up to 10-fold higher levels than
GLP-1(7-36)'"" and was long thought to be inert or confer no biological role. Although, it is not
insulinotropic, it does confer glucoregulatory properties by potently inhibiting hepatic glucose

production in humans.'" 308

With the evidence that the incretin system is impaired in T2DM patients,
and these patients also showing increased risk of developing neurodegenerative disease,’” the

circulating GLP-1(9-36) metabolite may play an active role in this prognosis.

With all of this in mind, the goal of Paper III was to determine if GLP-1(9-36) has biological function
in nervous system cells. We utilized SH-SYSY neuroblastoma cells as we did in Paper 11, but also
employed a GLP-1R overexpressing variety of SH-SYSY cells we have previously used,’'’ called #9
cells. Interestingly, the metabolite did produce a peak cAMP response, albeit much smaller, similar to
GLP-1 at 5 minutes after administration to SH-SY5Y cells. However, the response quickly returned to
baseline. When applied to the #9 cells, the metabolite produced and sustained a much higher cAMP
response up to one hour after administration. Notably, a high dose of GLP-1(9-36) also increased cAMP
production in primary cortical neurons up to one hour post administration, verifying the result observed
in the SH-SYSY neuronal cell models. GLP-1(9-36) also exhibited neurotrophic and neuroprotective
action, increasing cell viabilities in the presence or absence of a toxic glutamate challenge. Glutamate
is an endogenous excitatory neurotransmitter; however, overactivation of its receptors in neurons is
toxic and is a feature observed in neurodegenerative disease and acute brain injury, including TBI and
stroke.*!!

Several studies purport GLP-1(9-36) acts via a receptor independent from the GLP-1R. 6117312313
However, we show in #9 cells that the metabolite exerts GLP-1R mediated neuroprotective action
against a hydrogen peroxide challenge, a model of ROS toxicity. The metabolite’s protective action was
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abolished when applied in parallel with a selective GLP-1R antagonist. We also differentiated the SH-
SYSY cells and #9 cells to exhibit more neuronal-like features, including dendritic processes, and
showed similar neuroprotective effects of the metabolite in the hydrogen peroxide challenge. To
elucidate signaling cascades that may be involved in the neuroprotective and neurotrophic effects of
GLP-1(9-36) that we observed in #9 cells, we inhibited the cAMP dependent signaling proteins protein
kinase A (PKA) and AMPK, via H89 and Compound C respectively, in the presence or absence of GLP-
1(9-36) and a toxic glutamate challenge. Against a glutamate challenge, both PKA and AMPK
inhibition blocked the protective effects exerted by GLP-1(9-36).
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Figure 15. Anti-inflammatory effects of GLP-1(9-36) in human HMC3 and mouse IMG microglial cells
against a LPS challenge. (a) We establish these cell lines express microglial markers, Ibal and P2Ry12, as
well as the GLP-1R. Anti-inflammatory effects were observed in both (b) HMC3 and (c) IMG cells. One-way
analysis of variance (ANOVA) tests were used for comparison of multiple samples, followed by post hoc
Tukey’s multiple tests. Statistical comparison vs. vehicle-treated control: **P < 0.01; ****P < 0.0001;
comparison vs. LPS alone: #P < 0.05; ##P < 0.01) (scale bar= 100 yum)

We next established GLP-1R, Ibal, and P2Ry12 protein expression in two microglial cell lines, human
(HMC3) and mouse (IMG) immortalized microglia, via ICC (Figure 15a). Importantly, these cell lines
express two of the canonical markers of microglia and a receptor that may confer biological action of
GLP-1(9-36). A 24 hour pre-incubation of high doses of GLP-1(9-36) (1uM) reduces pro-inflammatory
cytokines (IL-6 and TNF-a) observed in HMC3 and IMG cells challenged with low doses of LPS
(Figure 15b and c). HMC3 cells are unable to produce TNF-a, which is one disadvantage of these cells
as a model microglia system.*"* These cells also expressed high levels of baseline IL-6, which is not
typical of unstimulated microglia. Confirming anti-inflammatory effects in both human and mouse
microglial cell lines cross-validates anti-inflammatory effects of other GLP-1R activating incretin
mimetics described in Papers I and I1.
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We lastly applied the metabolite to cellular models of PD and AD using mouse primary cortical and
hippocampal mixed cultures. For the PD model, alpha-synuclein (a-syn) was used to mimic pathological
proteins present in the dopaminergic-rich substantia nigra in the human condition. The metabolite was
minimally effective at counteracting the toxic effects of a-syn, though neurite length was significantly
rescued in addition to microglial activation reduction. A challenges were used in primary cortical cell
cultures to model pathological proteins common throughout the human AD brain. A high dose of GLP-
1(9-36) increased surviving neurons in this model.

Previous studies have demonstrated enhanced cAMP response from GLP-1(9-36) when the GLP-1R is
allosterically modulated®'® and others have shown allosteric modulation of the metabolite can also have
similar effects.’'® These indicate possible modifications of endogenous circulating metabolites may be
an avenue to produce therapeutic products.®'’*"® Although we did not modulate receptor or peptide
shape, we did show increasing receptor density, as in the #9 cells, dramatically affected the level of
response that GLP-1(9-36) could confer. In human PD patients’ postmortem substantia nigra samples,
GLP-1R mRNA was shown to be 10-fold higher than that of the healthy brains,” just one example of a
pathological context where increased GLP-1R content may be a very active target to engage for
treatment of neurodegeneration. While our studies do indicate GLP-1R activation by the metabolite, all
GLP-1Rs in the brain likely are not engaged by the peptide. In murine brain tissue, for example, GLP-
1(9- 36) that has been radiolabeled binds hippocampal tissue at similar levels of GLP- 1(7- 36), although
GLP-1(7-36) labeled other areas of the brain at much higher levels.*"

Despite this, there is body of growing research, including studies found in Paper III, that suggest a
neuroprotective and likely homeostatic role of GLP-1(9-36) in the brain. Incretin deficits, including
decreased baseline levels of circulating GLP-1(9-36), may potentiate or exacerbate neurodegenerative
conditions, which our studies provide evidence for. A full summary of findings in Paper III are shown
in Figure 16.
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Figure 16. Summary of results in Paper I11. Dotted lines and ”? " acknowledge literature indicating possible
other GLP-1(9-36) mechanisms of action, with solid lines showing evaluations performed in Paper II1.
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42 RhoA/ROCK and the Nogo signaling system in microglia
(Papers IV-V)

421 PaperlV

RhoA-ROCK1/ROCK2 mediate signaling exacerbates LPS induced inflammatory
signaling in cellular models of microglia

As we have already investigated phenotypic microglial responses to incretin treatment in Papers I-I11,
we sought to explore more novel mechanisms of neuroinflammation including the influence of ROCK
protein in Paper IV. The two isoforms of the ROCK enzymes, ROCK1 and ROCK2 belong to the
serine-threonine kinase family and are activated by their upstream regulator, RhoA.**° Overall, the two
ROCK proteins are 64% homologous, but their kinase regions share over 90% similar structure.*”!
Interestingly, even with the very similar kinase regions, ROCK1 and ROCK2 have been shown to
perform independent roles, both in the periphery and in the CNS.'”5'" The RhoA/ROCK signaling
pathway, activated prominently but not exclusively by endogenous Nogo ligands, is a potent regulator
of actin dynamics and restrictor of neurite outgrowth,*?? but also performs cell type specific actions.*?>***
Nogo protein activation of RhoA/ROCK in microglia has recently been attributed to promoting an
inflammatory response****; hence our work in Paper IV sought to expand on this understudied role of
this ubiquitous signaling system.

There is a wide variety of pharmacologic tools to disrupt ROCK activity, including over 170 ROCK
inhibitors described.>”® Most of these drugs work by blocking the ATP binding site on ROCK’s kinase
region, thereby inactivating the catalytic region of the protein.*?” Even with the large quantity of ROCK
inhibitors produced, only a select few have reached approval for clinical use. In the US, the FDA

8

approved belumosudil for the treatment of chronic graft-versus-host disease®”® and netarsudil for

glaucoma.*” Japan, China, and Korea have also approved the ROCK inhibitors, ripasudil and netarsudil,

329

for glaucoma®® and fasudil for treating vasospasms associated with cerebral ischemia.** Fasudil is the

earliest ROCK inhibitors approved for clinical use.

In Paper IV, we first sought to establish the IMG cell line, from Paper 111, as a viable model for PMg,
which I introduced in Paper II. Adding to our work in showing IMG cells express P2Ry12 (from Paper
III), we showed that IMG cells also express the canonical microglial marker TMEM119. We then
observed the IMG cell and the PMg response to varying doses of LPS. Both cell types dose-dependently
produced increasing amounts of TNF-a in response to increasing doses of LPS, with overall secretion
patterns of other cytokines being similar, especially pro-inflammatory immune regulating cytokines IL-
6 and IL-12p70. We screened media from LPS treated IMG and PMg for 10 cytokines (TNF-a, IL-6,
IL-2, IL-4, IL-5, IL-10, IL-12p70, KC/GRO, IL-1p, and IFNYy) and showed that both cell types produce
eight of the analytes. No detectable production of IFNy or IL-4 were observed from either cell type.
Although the original characterization of IMG cells showed them to be comparable to PMg,*"* this is
the first broad analysis of cytokine protein production. Our analyses were performed on cells treated
with a submaximal dose of LPS (10 ng/mL), so it is likely the low or absent detection of several of the
cytokines would be markedly enhanced by a more potent LPS challenge.

After this initial characterization of IMG and PMg, we assessed the influence of ROCK on the LPS
induced inflammation response. In our studies, we first utilized the pan-kinase inhibitor Y27632-
dihydrochloride (Y27632), which confers its highest inhibition properties on ROCK1 and ROCK2, but
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also has potent activity on other kinases, including PKA, protein kinase C (PKC), and myosin light
chain kinase (MLCK) (Figure 17A). Although it has other kinase inhibition activity, Y27632 is widely
referred to as a ROCK inhibitor in the literature. Against a 10 ng/mL LPS challenge, preincubation of
IMG (Figure 17Bi) and PMg (Figure 17Bii) cells with increasing doses of Y27632 dose-dependently
decreased the amount of TNF-a produced in both. Y27632 also significantly reduced IL-6, KC/GRO,
and IL-12p70, the most prominently produced pro-inflammatory cytokines, with minimal changes in
the other cytokines screened. These had low expression even without the drug treatment. Intracellular
production of the pro-inflammatory protein inducible nitric oxide synthase (iNOS), evaluated via
Western blot, was also significantly reduced by Y27632 pre-treatment in IMG cells (Figure 17C). Our

results cross-validate other studies using Y27632, showing anti-inflammatory effects of the drug. '3
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Figure 17. Anti-inflammatory effects of Y27632 and RKI1447: ROCKI and ROCK?2 inhibition is sufficient
to produce anti-inflammatory effects. Analyte samples with concentrations below assay detection limit are
shown as red data points and are assumed equivalent to 0 pg/mL to allow for statistical analysis. In B and E,
One-way ANOVA with Dunnett’s comparison (vs. 0 uM doses) and Tukey’s comparison, respectively, were
used. Error bars represent mean £SEM; (*= p<.05, **=p<.01, and ****=p<.0001). A and D were created
using BioRender.com.

As pan-kinase inhibition was effective at mitigating LPS induced inflammatory responses in IMG and
PMg, we sought to evaluate if ROCK1 and ROCK2 specific inhibition was sufficient to produce the
same observed effect. To probe this, we used the highly specific ROCK2/ROCKI1 inhibitor RKI11447-
dihydrohloride (RK11447)**° (Figure 17D). RK11447 is a relatively new ROCK inhibitor that has not
previously been evaluated for efficacy in nervous system tissue. It was formerly shown to be anti-
inflammatory in a mouse model of liver disease™® and ameliorated LPS induced lung tissue damage in
a model of ventilator-associated lung injury.**” We performed dose-response relationship assays with
RK11447 pretreatments against the 10 ng/mL LPS challenge and, indeed, observed a similar anti-
inflammatory effects in IMG (Figure 17Ei and 17F) and PMg (Figure 17Eii) cells as determined with
Y27632.
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ROCK activation initiates a variety of downstream signaling pathways, most prominently terminating
with the phosphorylation (Ser3) of cofilin, a protein intricately involved in actin cytoskeleton
rearrangement and turnover. The active form of cofilin is un-phosphorylated and has been linked to
neurodegenerative disease™® and neuroinflammation. '#+*3%3* Phosphatases, such as SSH, restore cofilin
activation.**' Our studies show that LPS potently activates cofilin in IMG cells, reducing the ratio of
phosphorylated (p)-cofilin to total cofilin. ROCK inhibition by either or Y27632 (Figure 18A and B) or
RKI1147 (Figure 18A and C) inhibited this LPS induced effect. This result is counterintuitive in that
ROCK inhibition would also infer increased blockade of cofilin phosphorylation.'® This is the case on
shorter timescales (< 6 h),>*? but our 24 h treatments show the opposite result. This implies that ROCK
inhibition is blocking another pathway affected by the LPS treatment (Figure 18D). Nucleotide-binding
oligomerization domain-containing protein 1 (NOD1), may be a likely candidate affected by these
treatments, as it participates in LPS induced inflammation,** is linked to SSH activity, and is influenced
by ROCK signaling.**
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Figure 18. ROCK inhibition blocks cofilin activation induced by LPS. One-way ANOVA with Tukey’s multiple
comparison was used for statistical analysis with error bars representing mean £SEM; **=p<.01, ¥***=p<.001,
and ****=p<.0001. (D) Created using BioRender.com.

Further interrogation of ROCK signaling and inflammation brought additional questions as to how the
RhoA/ROCK pathway influences pro-inflammatory gene production. We decided to apply potent

4325 5 alone and in conjunction with a LPS challenge, to see if

activators of RhoA, Nogo-P4** and Narc,**
RhoA activation influenced inflammation (Figure 19A). Nogo-P4 is a commercially available peptide
that mimics the active regions shared by Nogo-A, -B, and -C, the prominent ligands involved in the
Nogo signaling system. Neither Nogo-P4 nor Narc induced an inflammatory response alone; however,
both exacerbated cytokine production induced by the LPS stimulus (Figure 19B and C). Our results are
contradictory to a study showing Nogo-P4 induces inflammatory responses in BV-2 microglia,* but are
in line with a study that showed Narc alone not inducing inflammatory proteins.**® In our studies, ROCK

inhibition blocked the Narc increases in TNF-a and IL-6 produced in conjunction with the LPS
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challenge (Figure 19 Ci. and Cii.), implying the exacerbated effect was ROCK mediated. Interestingly,
other studies have shown an anti-inflammatory effect from Narc treatments;*****3* however those
studies used much higher doses of Narc and did not normalize cytokine levels to cell viabilities, an
important factor as the compound is highly cytotoxic. RhoA has divergent roles depending on the
activation state of the cell, which is in line with our findings.** Representative images of various
treatments from Figure 19C are shown in Figure 19D. Clear retraction of microglial processes occur in
the Narc and Narc + LPS treatments. Processes and viability of cells is restored with either Y27632 or
RKI1447 treatment, further validating a the RhoA/ROCK mediated increases in cytokine levels
observed above. Clearly, there are multiple pathways being engaged that we did not probe for, but
nonetheless, this should be a ripe area of inquiry in the future.
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Figure 19. RhoA activation alone in IMG cells does not induce an inflammatory response but exacerbates that
response in the presence of a submaximal LPS challenge. (A) Narciclasine (Narc) and Nogo-P4 are RhoA
activators (B) TNF-a (i) and IL-6 (ii) secretion in IMG cells treated with Nogo-P4, LPS, and Nogo-P4 + LPS
(n=3/group). (C) Narc (50 nM) £+ LPS (2 ng/mL) and Narc (50 nM) + LPS (2 ng/mL) + Y27632 (100 uM) or RK11447
(10 uM). (n=7 or 8/group) TNF-a. (i) and IL-6 (i) ELISA data. (D) Representative images (40x mag) of IMG cells
stained for phalloidin (filamentous actin) and DAPI from all treatment groups from C (scale bar= 50 mm). One way
ANOVA was used for B and D-F with Tukey’s multiple comparison tests used for statistical analysis. Analyte samples
with concentrations below assay detection limit are shown in red and are assumed equivalent to 0 pg/mL to allow for
statistical analysis. Error bars represent mean = SEM. ( **=p<0.01, and ****=p<0.0001 with color of asterisk
corresponding to comparison group in C). (A) was created using BioRender.com.
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We further sought to understand the mechanisms by which ROCK inhibitors block inflammation in
microglia by evaluating how Y27632 and RKI1447 modulated LPS induced NF-xB nuclear
translocation. Previous studies have established ROCK inhibitors’ ability to block NF-kB nuclear
translocation,”'> but our studies are the first evaluating these effects in microglia. NF-kB is a
transcription factor responsible for regulating a wide variety of proinflammatory genes. In order to
induce pro-inflammatory gene production, it enters the nucleus rapidly after a stimulus such as LPS
employed in our inflammation model."* Using an immunochemical approach, we were able to visualize
and analyze NF-kB nuclear localization at single cell resolution (Figure 20A). The images shown are
from 1 h pretreatment with ROCK inhibitors and 15 minutes after the LPS challenge, allowing capture
of the rapid induction of NF-kB. Both Y27632 and RKI1447 potently inhibit NF-xB nuclear
translocation (Figure 20B). We also analyzed NF-kB-dependent proinflammatory gene production,
including TNF-a, IL-6, and iNOS via RT-qPCR, and verified both ROCK inhibitor treatments reduced

expression levels of each (Figure 20C).
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Figure 20. ROCK inhibition blocks NF-kB nuclear translocation and pro-inflammatory gene production in
IMG cells. White boxes represent insets pictured in the bottom immunochemistry panel. One-way ANOVA
were used in B and C using Tukey’s and Dunnett’s (vs. LPS treatment) multiple comparison tests respectively.
Error bars represent mean £SEM (*= p<.05, **=p<.01, and ****=p<.0001).

An open question is whether ROCK 1 or ROCK2 has more influence on the inhibitory effects of ROCK
inhibitors. In our studies, we show that IMG cells express equal levels of ROCK1 and ROCK2 mRNA;
however microglia have been shown to express higher levels of ROCK1 than other cell types of the
brain.”* We utilized an siRNA approach to knock down (KD) ROCK1 and ROCK2, separately and
together, to see if these treatments affected the LPS challenge (2 ng/mL). We achieved roughly 40%
reductions in both ROCK1 and ROCK2 with these treatments and applied the NF-kB assay shown
above. We found that ROCK1 did decrease levels of NF-kB nuclear localization in IMG cells, but
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ROCK?2 and the combined siRNA treatment significantly reduced these levels (Fig. 21A). We further
probed the media from these treatments and found the single knockdown of either protein had no effect
on IL-6 or TNF-a cytokine production (Fig. 21B and C), although the combined siRNA treatment did
significantly reduce IL-6 levels (Fig. 21B). These studies imply both ROCK1 and ROCK2 participate
in microglial inflammation responses.
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Figure 21. ROCKI and ROCK? participate in LPS induced inflammation. One-way ANOVA with Dunnett’s
(vs. Scrambled + LPS treatment) multiple comparison tests were used for statistical analyses. Error bars
represent mean #SEM (*= p<.05, **=p<.01, and ****=p<.0001).

We lastly probed previously published RNAseq data evaluating various microglial cells found in an AD
mouse model’® The authors of this study identified a novel microglial subtype called
neurodegenerative microglia (MGnD) that confer particularly damaging roles to brain tissue. These
cells were identified by their localization to AP plaques and their expression of the gene Clec7a. Our
probing of this study’s RNAseq data show that Clec7a” microglia in the AD model express high levels
of inflammation related genes, CCL3 and CCLA4, along with significant elevations of RhoA and cofilin,
as compared to age-matched Clec7a negative microglia from the same mice and age-matched wild type
(WT) mice. ROCK1 and ROCK2 expression levels were stable across all microglia. This data suggests
that RhoA/ROCK signaling may play a role in the pro-inflammatory pathologic phenotype shown in
MGnD.

Our studies into RhoA/ROCK signaling thus identify clear roles for the proteins in the inflammation
response; however, there are many open questions to be explored in future studies. For a full summary
of results from Paper IV, see Figure 22.
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Figure 22. Schematic of results from Paper 1V. Created using BioRender.com.
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4.22 PaperV
Microglial Nogo delays recovery from traumatic brain injury in mice

Nogo-A, -B, and -C are prominent reticulon proteins in the brain that confer action on NgR1, among
other related receptors, to initiate the activation of the RhoA/ROCK signaling pathway. This signaling
axis is a well described mechanism for maintaining stable neuronal connections,*® but also for
negatively regulating axonal repair following injury.>’ As such, many studies have evaluated effects of

154,358 356,359 or the

single or combined germline deletion/knockdown or overexpression of Nogo receptors
knockout or knockdown of combinations of the Nogo protein isoforms.'**133360=3% In addition, antibody
treatments have also targeted Nogo signaling in rodent nervous system injury models.****** Some of
these studies produced mixed results'>'**%36%3%; however, genetic or pharmacologic interventions in the
Nogo signaling system are generally consistent in improving recovery from injury.'*’¢'3¢73% With
germline deletion of plasticity restricting proteins, such as those in the Nogo signaling system,
conferring improved recovery following injury in rodents, cell type specific manipulations of these
proteins have provided even more context as to which cell types contribute to improved pathology. For
example, oligodendrocyte but not neuronal Nogo KO promoted axonal repair in a model of SCL,'>" with
these genetic manipulations also shown to differentially restrict spine density and dendritic branching
in the motor cortex.'* Vajda et al. (2015)*® posited from their studies that preservation of neuronal
Nogo and inhibiting/inactivating oligodendrocyte Nogo produces better outcomes than deletion from

both cell types.

While much attention has been dedicated to identifying the roles of Nogo-related proteins in neurite
outgrowth and axonal repair, the influence of Nogo proteins on inflammation has recently become of
interest.’ As we showed in Paper IV, RhoA/ROCK signaling influences neuroinflammation, with
RhoA/ROCK activators exacerbating the LPS induced inflammatory response following a cellular
challenge (LPS), suggesting endogenous Nogo may also promote inflammation. Previous studies have

shown anti-inflammatory effects of Nogo-A antibodies in a retinal injury model'*

and genetic
knockdown of Nogo in PC12 cells, similarly, reduced proinflammatory cytokines (TNF-a and IL-6)
produced in response to an LPS challenge.'® Nogo was also found to regulate pro-inflammatory gene
production in peripheral macrophages.'” Lastly, Nogo/NgR1 signaling was shown to promote
inflammation and NF-kB nuclear translocation,* although this is contradictory to our findings in Paper

Iv.

With this in mind, investigation of Nogo proteins was necessary, and so we produced a conditional
microglial Nogo knock out (MinoKO) mouse for Paper V. In this mouse, a region of the RTN4 gene
(Nogo-66 Exon 4 and 5) common to all three Nogo isoforms was targeted for removal (Figure 11). YFP
was inserted into the Cx3Crl locus together with CreER and serves as a marker for the specificity of
our genetic manipulation. As shown in Figure 23A, YFP is highly colocalized to Ibal in
immunochemical staining, indicating CreER expression is also specific to microglia. As such,
microglial Nogo is only deleted in the presence of tamoxifen (TAM), which is delivered via IP injection.
mRNA evaluated from microglia isolated via FACS from Floxed control, Cre Control, and MinoKO
mice (Figure 23B) confirmed effective deletion of this region of the RTN4 gene (Figure 23C). We
characterized these mice both before and after delivery of a CCI TBI, which our laboratory has
previously effectively used.”’®>” Our current work extends the previous cell-type specific Nogo
deletion studies to microglia and, to date, these are the first studies evaluating independent roles of
Nogo protein in microglia in healthy mice and in a rodent injury model.
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Figure 23.CreER expression is specific to microglia and recombination occurs at target sites of the RTN4
gene. (A) IHC staining shows specific YFP staining in microglia only. (B) FACS sorted microglia gating
strategy. mRNA was isolated from sorted microglia of individual mice and probed for specific regions of the
RTN4 gene that were targeted with loxP sites (C) . Two-way ANOVA with Tukey’s multiple comparison was
used for statistical analysis with error bars representing mean £SEM; ****=p<.0001. (A) and (B) partially
created using BioRender.com.

Following TAM or oil vehicle administration, mice were singly housed, allowing for continuous activity
tracking. All mice showed similar levels of daily activity and no differences were detected between
genotypes in evaluations of locomotion (OFT), anxiety (EPM and OFT), working memory (spontaneous
alteration cross maze), and spatial memory (MWM). This data is in line with previous studies
characterizing behavior in healthy mice with germline Nogo-A deletion.*”* Cage tracking of activity
showed that female mice were more active than males, as has been previously described.’”>37® No genotype
differences were detected, however. We next induced CCI or sham injuries and evaluated behavior up to
two weeks post-injury when brains were collected for pathological assessments (Figure 24A). Injury
was consistent across both Control-CCI and MinoKO-CCI mice (Figure 24B and C); however, Control-
CCI mice exhibited significantly larger ipsilateral lateral ventricle sizes than sham injured mice (Figure
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24D). Lateral ventricle enlargement is typical for TBI patients®” and is used here as a proxy for injury

severity.
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Figure 24. Evaluation of ipsilateral injury size and ventricle size. (A) Timeline for histology
evaluation.(B)Representative Giemsa stained brain slices from Sham and CCI treated animals. Sham group includes
animals from all genotypes; Control CCI animals include Floxed and Cre Control CCI treated animals. (B)
Differences in size of ipsilateral versus contralateral hemisphere represented as a percentage. (C) CCI significantly
induced increased lateral ventricle size in the ipsilateral hemisphere of Control but not MinoKO CCI injured mice.
One-way ANOVA with Tukey’s multiple comparison was used for statistical analysis with error bars representing
mean £SEM; *=p<.05, and **=p<.01. No differences in injury based upon sex were observed.

We next evaluated effects of microglial Nogo deletion on microglia and astrocyte activation in the
cortex and thalamus. Although microglial and astrocyte activation is most prominent near the area of
CCI impact, thalamic microglial activation is also a prominent feature of human TBI, resulting from
corticothalamic tract damage.”’®*” Overall microglial coverage, indicated by Ibal immunoreactivity, in
the ipsilateral cortex (Figure 25A and B) and ipsilateral thalamus (Figure 25A and C) is significantly
reduced from microglial Nogo deletion. Ipsilateral cortical astrocyte coverage, shown via GFAP
immunoreactivity, is also significantly reduced in MinoKO mice (Figure 25A and D). No differences
were observed in contralateral tissue distribution on either microglia or astrocytes. Although, astrocytes
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and microglia share roles in the brain, which include maintaining homeostasis, regulating blood flow,
and providing trophic support to neurons,”® astrocyte activation and functional states are largely
dependent on and, secondary to, microglial signaling and activation.*
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Figure 25. Nogo deletion in microglia reduces ipsilateral microglial and astrocytic immunoreactivity. (4)
Representative immunohistochemistry for cortex and thalamus for Ibal staining and the cortex for GFAP staining.
Cortex (B) and thalamus (C) coverage percentage of Ibal (microglia) immunoreactivity area in averaged images
across all animals. Quantified cortex coverage percentage of GFAP (astrocyte) immunoreactivity area in averaged
images across all animals (D). Contralateral brain regions showed no differences. Ipsilateral regions were
statistically compared via one-way ANOVA with Tukey’s multiple comparison was used for statistical analysis with
error bars representing mean £SEM; *=p<.05 and ****=p<.0001. Measure bar= 50 um and applies across all
images. Contralateral images are from a MinoKO mouse.

Microglial activation states were previously defined in a dichotomous manner, pro- or -anti-
inflammatory (M1 and M2 respectively)?'; however, microglia are now understood to behave in a
context dependent manner with a range of phenotypic responses.”? In a healthy brain, homeostatic
microglia are evenly tiled throughout the brain and possess ramified, long, complex, and motile
processes emanating from the cell body.*®' This complexity of morphology is greatly reduced in
pathological contexts, such as in moderate TBI, as microglial will retract their processes markedly, if
not completely after a strong stimulus.*®* In microglia, reduced process complexity is correlated with
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levels of pro-inflammatory protein production, with rounded microglia considered the most pro-
inflammatory.*®* A previous study using a rat TBI model, found a role for Nogo protein influencing
microglial morphology,'® with Nogo-A'"" and Nogo-B'® influencing increased proinflammatory

cytokine production. We analyzed individual microglial cell morphologies from Sham, Control-CCI,
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Figure 26. Microglial Nogo deletion increases ipsilateral microglia morphological complexity following CCI
injury. Microglia (Ai) (green) that have been thresholded (Aii) and skeletonized (Aiii) for assessment using
MotiQ sofiware across treatment group and regions (A). As no differences were observed in contralateral
microglia, as determined via one-way ANOVA, for any parameters assessed (B and C), the contralateral group
images are representative across all genotypes. Cortical (B) and thalamic (C) for ramification index (i),
spanned area (ii), endpoints (iii), and total tree length (iv). One data point represents the animal mean (20
microglia per region for each animal). Ipsilateral microglia were statistically analyzed via one-way ANOVA
with Tukey’s multiple comparison with error bars representing mean #SEM; *=p<.05, **=p<.0l,
***=p<.001, and ****=p<.0001. Measure bar= 20 ym.
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and MinoKO-CCI mice via the MotiQ software for F1JI and found strong correlation between TBI and
reduced microglial complexity. In Figure 26A, Ibal®™ microglia (i) Motiq threshholded (ii) and
skeletonized (iii) images are shown from which automated readouts were made. Ipsilateral microglial
in the cortex (Figure 26B) and thalamus (Figure 26C) were significantly less ramified (i), spanned
smaller regions (ii), showed decreased endpoints (iii), and branch length of processes (iv). Microglia
with Nogo deletion reversed all of these trends and showed increased complexity in both the cortex and
thalamus. Contralateral microglia showed no differences from one another. Altogether, our data
showing decreased microglia and astrocyte immunoreactivity along with the increased complexity of
ipsilateral microglia in MinoKO mice, is indicative of a lower inflammatory environment in the brain.
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Figure 27. Post CCI behavioral assessment. Day to day average activation (4) during light (i) and dark (ii)
phases, excluding 30 mins surrounding phase transitions, Mixed effects analysis, **= p<0.01 MinoKO (CCI) vs
Control (CCI) and *=p<.05 MinoKO (CCI) v. Sham; # p<0.05 Sham vs CCl-control. “CCI" indicates day of
CClI treatment (Day 0). B) Home cage activation 12 h following CCI, with each data point representing averaged
2 h blocks of cage activity. C) Total activation in 12 h immediately after CCI. D) Within day activity averaged
over the first two days following CCI. E) Dark phase 2 days (~30 h) post-CCI. F) Distance traveled in a 30 min
open field test. G) Fear conditioning assessment during the recovery phase of training. Differences in freezing
were observed between genotypes and CCI treatment. One way ANOVA with Tukey’s multiple comparison was
used for statistical analysis with error bars representing mean £SEM; *=p<.05 and **=p<.01.
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CCI injury induced divergent behavioral outcomes in MinoKO mice not observed prior to injury.
Activation, which is a measure of both locomotion and stereotypic behavior such as grooming, was
measured continuously while mice were in their home cage. All mice experienced an initial burst of
activity following CClI, likely due to buprenorphine administration (Figure 27Ai); however, in MinoKO
mice, hyperactivity persisted throughout the first night compared to Sham-injury and Control-CCI mice
(Fig. 27Aii-C). Comparing within day activity over two days post CCI (Figure 27D), Control-CCI mice
were significantly less active compared to Sham and MinoKO mice. Increased activation in MinoKO-
CCI mice remained at nearly significantly higher levels than Control-CCI two days post-CCI (Figure
27E). Seven days after CCI injury, MinoKO mice showed significantly higher distance traveled than
the Sham injured group (Figure 27F). No differences were observed in measures of anxiety (EPM).
Lastly, a significant effect in freezing levels during a conditioned fear paradigm were observed,
indicating CCI injury decreases freezing levels significantly, whereas microglial Nogo deletion
increased freezing, regardless of injury (Figure 27G).

In Willi et al. (2009),>™ characterization of total Nogo-A deletion in mice showed increased activity
levels resulting from this genetic manipulation. Although, we did not observe this phenotype in healthy
mice, our data is in line with findings from the same study showing that amphetamine induced
hyperactivity was at significantly higher levels in Nogo-A null mice than WT controls. This result was
replicated in a subsequent study.*®* In our injury model, we show a similar pattern of hyperactivity
immediately after the CCI injury. Other knock-down studies of Nogo-A show disrupted circadian
rhythmicity in these mice when they were in constant darkness, but not normal 12 h dark-light cycles,*®
a finding opposite to Willi et al. (2009).>™ Together, these studies point to a common thread of Nogo-
A involvement in daily activity patterns. In Willi et al. (2010),%** the authors contend that lifelong Nogo-
A deletion is responsible for the patterns of behavior they observed. However, our studies 1) replicate
these hyperactivity effects with a shorter Nogo deletion time, and 2) show that microglial Nogo deletion

is sufficient to produce this phenotype. Willi et al. (2010)*

also showed differences in freezing patterns
of Nogo-A null mice compared to WT controls, providing evidence that microglial Nogo has a strong
influence on phenotypes observed in lifelong Nogo-A KO models. Our model is very different in that
it deletes all three isoforms of Nogo, perhaps accounting for some of the differences we observed in

behavior.

The last piece of evidence that microglial Nogo delays recovery following TBI comes from the elevated
body swing test (EBST),?”> which measures the asymmetrical motor function typical of unilaterally
brain-injured rodents. We performed this test prior to and 7 and 14 days post-CCI (Figure 28A). Prior
to CCI, all mice exhibit symmetrical motor function (Figure 28B), but one week post-CClI, injured mice
show preference to swing to the contralateral side of the body, as we have previously shown.’” In the
current studies, MinoKO mice do not exhibit asymmetrical motor function while Control-CCI mice do
at 7 days post TBI (Figure 28C). At 14 days post-CCl, the two animal groups are indistinguishable from
each other, marking recovery from injury in the CCI-control mice (Figure 28D), albeit at a slower pace
than MinoKO mice (that demonstrated recovery re: EBST at 7 days).

Our studies represent a major advancement in the understanding of roles of Nogo in microglia, a
previously overlooked Nogo expressing cell type. Importantly, we preserve Nogo expression in other
cell types in the brain which has been suggested to help provide even positive benefits in injury
recovery.*’*% We show overall reductions in gliosis in the CCl-injured brain and behavioral data that
suggests MinoKO mice recover faster from injury than control mice. A growing body of work has
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suggested Nogo influences the inflammation process. Our creation of the MinoKO mouse provides a
major opportunity to explore these roles more thoroughly.
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Figure 28. Microglial Nogo deletion prevents asymmetrical motor function following CCI. A) Timeline of EBST
procedures. EBST was performed three days prior to (B) and 7 (C) and 14 days (D) after CCI or sham injury. One
way ANOVA with Tukey’s multiple comparison was used for statistical analysis with error bars representing mean
ZSEM; **=p<.01.
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5 CONCLUSIONS and POINTS of PERSPECTIVE

This thesis covers a broad range of studies in basic preclinical science that advance knowledge of new
drug formulations and applications, as well as novel signaling paradigms that influence brain pathology
during injury. Herein, we demonstrate utility of novel incretin mimetic formulations towards use in
neurological conditions, namely the slow release Exenatide formulation known as PT302 (current drug
name is PT320) and an incretin- based triagonist, targeting GLP-1, GIP, and Gcg receptors. As human
clinical trials are currently underway or completed, various formulations of incretins have produced
mixed results in reaching primary endpoints for treating neurodegenerative conditions. For example, a
once weekly formulation of Exenatide, Bydureon™, was found to reverse PD symptoms in a 2017 Phase
2 clinical trial reaching its primary endpoints,* while PT320,%¢ the subject of Paper I, and another
GLP-1R agonist, NLYO01,*’ each failed to meet their primary endpoints in Phase II PD clinical trials.
Post-hoc analysis of the successful Bydureon™ trial indicates that a subset of PD patients earlier in
disease progression and age responded most robustly to the treatment.**® Full analysis of the PT320 and
NLYOL1 trials is not currently available but knowledge of who responds best to treatments is essential
for best optimization of clinical trials and moving a drug towards availability to the public. The NLYO01
study did find statistically significant improvement in PD symptoms in 95% of patients under the age
of 60 receiving the drug, yet another indicator of early intervention and success in treating PD. PT302
also met secondary outcomes of its PD trial. Although PT320 was not successful in meeting primary
endpoints for treating PD, it recently met primary endpoints in another Phase II trial, reducing
intracranial pressure in patients with idiopathic intracranial hypertension.®” As more trials are completed
and patient populations are optimized, GLP-1R agonists are poised to become future treatments for a
broad range of conditions outside of their current use in metabolic diseases. TBI currently lacks
treatments and affects large swathes of the world population. While the heterogenous nature of the injury
makes it difficult to treat, incretin mimetics will undoubtedly enter clinical trials to treat TBI in the next
few years.

The new frontier of incretin mimetics is unimolecular polypharmacy,** highlighted in Paper II, which
involves the combination of the active regions of two or more incretins/secretins into one drug that
targets multiple receptors. This may be an avenue to potentiate the protective or reparative cellular
signaling not possible with a single receptor agonist. Our studies demonstrated superiority of a triagonist
over single GLP-1R agonist in a variety of assays, but much more work is needed to understand which
compounds are best suited for human use. Researchers are also currently optimizing these unimolecular
multiagonists to bias binding sites on specific receptors and initiate higher levels of signaling, for -
arrestin or cAMP for example, which could perhaps be an avenue of drug design to best treat certain
diseases or subsets of patients based on their needs.’®~*" While much of the clinical work with
multiagonist incretins is focused on metabolic disease treatment, our work and others are advancing the
application of these new drugs for treating neurological conditions. Future studies in our group will
move on from working with a TBI model to more focused Tg mouse models of neurodegenerative
disease, including AD. As I have demonstrated in this thesis, incretin mimetics are anti-inflammatory.
Targeting neuroinflammation to treat chronic neurodegenerative diseases may be the best avenue for
positive outcomes from treatment, as we™! and others' have shown.

In parallel to assessing new incretin mimetic formulations for treating neurologic conditions, we also
have investigated a biological function of the metabolite of the insulinotropic GLP-1(7-36), GLP-1(9-
36) (Paper I1I). GLP-1R agonists on the market are based upon the structure of GLP-1(7-36), but little
is known about the role of its primary metabolite which circulates in the bloodstream at 10-fold higher
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concentrations long after GLP-1(7-36) has initiated its function stimulating insulin release.'’ As
diabetes patients taking incretin mimetics or incretin boosting drugs (DPP-1V inhibitors) for treatment
are less likely to develop a chronic neurodegenerative condition, it possible the circulating metabolite
of GLP-1(7-36) may initiate protective signaling in the brain. We found GLP-1(9-36) to confer
neuroprotective and anti-inflammatory action on a variety of nervous system cell models in Paper I11.
Our studies partially untangle GLP-1(9-36)’s signaling mechanisms, though more work is needed to
fully characterize which receptors and intracellular signaling cascades the metabolite is activating in the
nervous system. Cell type specific investigation of these pathways, in microglia rather than neurons,
would also be a fruitful avenue of research. Additionally, in vivo studies may be revelatory on
prophylactic function of GLP-1(9-36). For example, longitudinal studies looking at long-term
administration of the metabolite in a mouse PD or AD could provide context to how a properly
functioning incretin signaling system, which includes GLP-1(9-36), may affect disease development.

While much of my thesis work focused on incretin mimetics, I also investigated neuroinflammation as
anew area of research in the Nogo-signaling field. There has been growing evidence that Nogo protein
affects inflammatory processes; hence, I first investigated the canonical signaling pathway affected by
this class of proteins—RhoA/ROCK signaling, specifically in microglial cells (Paper IV). In Paper IV
a clear relationship between RhoA/ ROCK signaling is established, using ROCK inhibitors as a
molecular tool to block signaling and disrupt the inflammation process. There is growing interest in
using ROCK inhibitors to treat neurodegeneration,’*? but like the incretins, optimizing which of the
many ROCK inhibitors to use is a challenge. A great starting point would be the already clinically
approved drugs, but as our studies show, there is promise in newer formulations, such as RKI11447,
which has never previously been tested in nervous system tissue. RhoA/ROCK signaling robustly
affects cytoskeleton rearrangement and actin dynamics, and although our work shows that ROCK
inhibition effectively blocks NF-kB nuclear translocation and cofilin activation, we did not assess
intermediate proteins affected by the drug treatments that are conferring this effect. This is an area of
research that could be extended from our findings in Paper IV. Phosphatases such as SSH may be
affected by ROCK inhibition and would be an interesting target to probe in future studies. The role of
RhoA in the inflammation process also needs further investigation as we show its activation exacerbates
LPS induced inflammation in a ROCK dependent manner. Interestingly, RhoA activation alone did not
induce cytokine production in IMG cells. Further research using more specific tools for assessing RhoA
activation are needed to identify how this effector molecule is working in microglia. Additional targeted
investigation of ROCK1 and ROCK2 roles in inflammation are warranted, as we did not achieve greater
than 40% KD of either gene in IMG cells. Manipulations that totally delete each gene together and
separately would provide better context to their roles in neuroinflammation. ROCK1 in the brain has
been given very little attention in the scientific literature, including in the Nogo-signaling field. Evidence
of divergent roles of ROCK1 and ROCK2 make these proteins interesting targets for inquiry.

One main goal of Paper IV was the characterization of IMG cells as a model for PMg cell cultures.
PMg are costly, time consuming, and require live animals, yet are the gold standard for interrogating
microglial specific responses in preclinical research. I have demonstrated, as a proof of concept and

extension of their original characterization,*”

IMG cell versatility and biological relevance to serve as
a viable model system for microglial research. Very few articles have been published using IMG cells
and our work opens the field to this new option for microglia research for drug screening and other

applications. Our laboratories at the Karolinska Institutet and National Institutes of Health have
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continued using IMG cells as a model system because of their versatility. Their use outside our
laboratories will also likely grow - based on the work presented in Paper IV.

For my last project, and one of my primary aims when I applied to the PhD program at the Karolinska
Institutet, I created a microglial specific Nogo KO mouse and identified a pathological role for the
protein in brain injury. This is the first microglial specific Nogo KO mouse model ever created and adds
to the broad literature describing plasticity restricting and disease modifying roles of Nogo. When |
started my PhD, the Nogo field had begun using cell type specific KO models of Nogo signaling proteins
and these were showing specific phenotypes based on which cell type proteins were or were not
expressed. Neurons and oligodendrocytes were early targets of cell type specific Nogo-KO

models, 5615736

while our laboratory has been investigating the effects of forebrain neuron
overexpression of NgR1 for the past decade. We have shown profound effects from NgRI1
overexpression on memory formation,**® AD progression,'* and recovery from TBL'® There have been

HIETI9.170.174.394 hroviding a foundation

several studies identifying Nogo as a regulator of inflammation,
of evidence to support the creation of a microglial specific Nogo KO mouse. Our findings need to be
confirmed with more detailed studies, including cytokine assessments in brain tissue following an
inflammatory challenge. LPS administration to MinoKO mice would be informative to this line of
inquiry. One useful aspect of MinoKO mice is that Nogo can be deleted at any time, which may have
differential effects in development or in old age. Does microglial Nogo impact synaptic pruning and
modeling early in life? How does microglia Nogo affect pathology in mouse models of PD? These and
many more questions are open for inquiry with the development of this mouse. Lastly, the use of IMG
cells would also be a great tool for investigating Nogo roles in microglia, as we demonstrated in Paper
IV their amenability to genetic manipulation using siRNA technology. Clearly, Nogo-like signaling
affects neuroinflammation, perhaps related to the RhoA/ROCK signaling pathways or others.
Microglial specific KO of Nogo-related proteins other than Nogo, perhaps MAG or NgR3, as we have
shown are expressed in microglia (Fig. 8), may also be a fruitful area of research.

Microglia have received immense attention over the past decade as disease modifying cells. Tools to
ablate entire populations of microglial and targeted genetic manipulations such as those used in Paper
V are illuminating even more roles for this cellular niche in the brain. As I have shown in this thesis,
microglia are both important for phenotypic assessment of disease and injury progression, but also can
serve as versatile targets for pharmacological interventions.
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