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ABSTRACT

INFECTIOUS DISEASE, AGE , AND ENVIRONMENTAL CONTAMINANTS AS
NEUROTOXICANTS THATMODULATE GLIA AND CONTRIBUTE TO NEURODEGENERATIVE

PATHOLOGY

Neurodegenerative disease cases are expected to double over the next twenty years. These
diseases, which include Alzheimer’s Disease (AD) and Parkinson’s Disease (PD), are incurable with a
largely unknown etiology. It is acknowledged within the field that age is the greatest risk factor for
neurodegenerative disease, and that genetics and environmental factors, such as neurotoxicants and
infectious agents, likely play a role. Despite this knowledge, it is not entirely understood why select
individuals are pushed into a state of disease, while others progress into a state of normal brain aging.
This is further complicated by the shared neuropathology between brain aging and neurodegenerative
disease, which includes blood-brain barrier (BBB) modulation, gliosis, misfolded protein accumulation,
and loss of function or degradation of neurons. To address these gaps in our understanding, the studies
herein provide valuable insight as to how infectious disease, specifically through infection with
Mycobacterium tuberculosis, contributes to the progression of neuropathology, evaluates an alternative
model of brain aging that better recapitulates human disease, and provides mechanistic understanding of
the neuroprotective and neurotoxic roles of glia in disease. Altogether, these data elucidate the etiology
and mechanisms that drive neurodegenerative disease, as well as possible therapeutic avenues that may

bring us one step closer to a cure.
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CHAPTER 1

LITERATURE REVIEW
1.1 Tuberculosis
1.1.1 History and Epidemiology of Tuberculosis

Tuberculosis (TB), an infectious disease caused by infection with Mycobacterium tuberculosis
(Mtb), was first described thousands of years ago. Egyptian mummies dating back to 2400 B.C. have
skeletal deformities and abscesses typical of TB, as well as evidence of tubercle bacilli [1, 2]. TB, called
Phthisis, was also described in ancient Greece by Hippocrates, Isocrates, and Aristotle, who first
referenced its contagious nature [3]. Known as the “king's evil", TB wreaked havoc throughout the
Middle Ages in England and France, and Girolamo Fracastoro clearly defined TB as a contagious agent in
the sixteenth century [3, 4]. TB became epidemic in the 17th and 18th centuries, giving rise to names such
as consumption, white plague, and the "robber of youth", until it was officially given the name
Tuberculosis by Johann Lukas Schénlein in the mid-19th century [3]. Early research by Philipp Friedrich,
Hermann Klencke, and Jean-Antoine Villemin established the infectious nature of TB, by reproducing
generalized TB through the inoculation of rabbits with material from human lung tubercles, but the
causative agent was still unknown. It wasn’t until 1882 when microbiologist Robert Koch used methylene
blue staining to identify, isolate, and then culture the bacteria that is now known as Mtb. This discovery
led to increased knowledge of the pathogenesis of TB disease, development of therapeutic interventions,
strategies for disease prevention, and, ultimately, an overall reduction in global TB cases.

In an 1882 lecture, Robert Koch once said "if the importance of a disease for mankind is
measured by the number of fatalities it causes, then tuberculosis must be considered much more important
than those most feared infectious diseases, plague, cholera and the like" [S]. Worldwide, an estimated
23% of the population is infected with Mtb. To address the TB global health crisis, the World Health
Organization (WHO) created the “End TB Strategy”, which aims to decrease the incidence of TB-

associated deaths by 95% and reduce cases of TB by 90% between 2015 and 2035, includinga 4 — 5%



reduction in incidence by 2020 and a 10% decline by 2025. To do so, the WHO proposed the
implementation of three primary principles: patient-centered TB care and prevention, bold policies and
supportive systems, and intensified research and innovation. The first involves early diagnosis of disease,
screening of contacts or high-risk groups, treatment of disease, vaccinations and preventative treatments,
and management of co-morbidities. Bold policies include engagement of communities and providers,
poverty alleviation, universal health coverage policies, and infection control. Finally, increased funding
and encouragement of research for intervention was also proposed [6].

Despite research advances and the formation of intensive strategies, current reports do not meet
target numbers. Between 2015 and 2018, global TB incidence was reduced only by 6.3% and TB deaths
decreased by 11%, which fails to meet the desired decreases of 20% and 35% (compared to data from
2015) by 2020, respectively. In 2021, the World Health Organization (WHO) described a grim outlook in
their annual report, with an estimated 10.6 million people diagnosed with the disease (half a million more
than 2020) and 1.6 million deaths from TB (100,000 more than 2020). Compared to 2020, the incidence
rate of TB increased by 3.6%, opposing the 2% decrease per year that occurred the previous two decades.
The burden of drug-resistant TB also increased by 3% between 2020 and 2021, with 450,000 incident
cases of rifampicin-resistant TB reported in 2021. If current trends continue, few countries will meet the
End TB Strategy targets for 2030 [7]. Ultimately, an estimated 1.7 billion people are infected with Mtb,

and TB is the second leading cause of death by an infectious disease, second only to COVID-19 [8, 9].

1.1.2  Transmission of Mycobacterium tuberculosis

Mtb infection occurs via human-to-human transmission through airborne respiratory droplets
ranging from 0.65pm (small) to > 7.0pum (medium—large) in size. Droplets are produced through
coughing, sneezing, talking, shouting, or other gestures that result in respiratory excretion [10]. TB is one
of the few communicable diseases with obligatory airborne transmission [11]. Riley et al. first
demonstrated this unique mode of transmission by placing guinea pigs in an experimental TB ward,

exposing them to the patients there without direct contact, and counting the number of pulmonary



granulomatous lesions [12]. Notably, a single bacillus within the lung can induce the development of a
lesion, which heightens the transmissibility of the disease [13]. That being said, while approximately 1.7
billion people are infected with Mtb, only those with active disease are infectious. It has been increasingly
difficult to predict the intricacies of transmission and the required quantity of Mtb that must be
aerosolized from a host to establish infection, especially considering the variable lengths of time between
a contact event and the formation of disease. The most straightforward explanation directly correlates the
number of bacilli in an infected person’s sputum to the likelihood of developing active TB, and that
individuals with more severe disease likely produce higher numbers of infectious droplet nuclei at an
elevated rate [5]. The most infectious individuals are sputum (smear) and culture positive for bacteria,
where approximately 43% of people produce respiratory droplets with culturable bacilli, and only a
quarter of droplets contain more than 10 bacilli [14, 15]. Smear negative and culture negative people have
an extremely low risk of transmitting infection [14]. Still, only approximately 28% of individuals with
active disease produce culturable bacteria in their aerosols [16]. Modeling data demonstrates that the
likelihood of Mtb transmission is proportional to the duration of exposure to an infectious person and
inversely proportional to the volume of space in which the exposures occur [17].

Unfortunately, Mtb transmission is likely not as straight forward as a correlation of bacterial
quantity in respiratory secretions. Multiple factors must be considered, including: 1. infectious
individuals, 2. susceptible individuals, 3. environment, and 4. the inherent biological features of the
pathogen itself. The prevalence of people with active disease, the quantity of those who may come in
close contact, and the frequency and proximity of interactions between infectious and susceptible
individuals all play a role in disease transmission. Other host factors include co-infection (especially of
human immunodeficiency virus (HIV)), comorbidities (diabetes), smoking, excessive alcohol use, and
malnutrition, which can increase susceptibility to TB [18]. Additionally, environmental factors can
increase transmissibility, including closed, indoor spaces with limited air circulation and humidity, which
affects the settling and evaporation of droplet nuclei [12]. The bacteria itself also plays a role, as some

strains are more easily transmitted and potentially better adapted for airborne survival [18, 19].



1.1.3  Diagnosing Tuberculosis

Accurate and rapid diagnosis is the key to controlling TB, yet there are no simple, reliable, and
widely available tests to definitively diagnose the disease [20]. Clinical guidelines have been developed
by the WHO for the identification of latent and active TB, however, adoption of these methods varies by
region, and TB diagnosis is often delayed due to limited access to diagnostic and treatment services in
high burden countries. This hinders the potential for treatment initiation and increases the risk of
transmission in communities [21]. Therefore, diagnostics have been revised, and TB testing is generally
grouped into two categories: triage tests and confirmatory tests. Triage testing is designed for at-risk
individuals who may have the disease and require further investigation [22]. Implementation of triaging
may improve case finding and reduce overload of health systems, which makes addressing TB more cost
effective, as expensive confirmatory testing is only offered to patients with high probability of disease
[23].

Most triage testing screens simply for TB symptoms, which may miss asymptomatic or
minimally symptomatic cases. More recent approaches involve chest x-rays, to determine if pulmonary
lesions are present, and sputum smear examination for Mtb [22, 24]. Although these methods have helped
identify millions of TB cases, there are also limitations. Sputum smears lack sensitivity, and chest x-rays
alone can be not only be inconclusive but the availability of high-quality radiography is limited,
especially in resource poor countries and communities. Sputum culturing, while more specific to Mtb, is
time consuming (identification can take up to 42 days) and requires specialized laboratory facilities.
Another triage diagnostic, which is not yet widely implemented, includes testing for elevated C-reactive
protein in blood, which is indicative of inflammation or infection (but not necessarily Mtb). Overall,
triaging has led to the identification of millions of cases worldwide, and is considered a more effective
option, allowing clinicians to identify the patients who need expensive, and sometimes difficult to obtain,

confirmatory testing [22].



Confirmatory testing, which is used to confirm disease and justify starting treatment regimens,
can identify Mtb, or components of bacteria, in sputum, blood, and urine. The RIF Ultra test, which is
recommended by the WHO as the first line test for diagnosing TB, can be performed on sputum. This test
detects Mtb-specific amino acid sequences. It is quick (takes on average 2 hours) and highly sensitive,
although it can be quite costly. This method can even identify the presence of specific rifampin resistance
genes, which are responsible for 95% of rifampin resistant strains of Mtb [22]. Similarly, the Xpert MTB
test also detects nucleic acids and can quickly provide test results, usually within 30 minutes of blood
collection, but is also very expensive. This method, when compared to standard smear microscopy
methods, is estimated to increase TB detection by 23% [22, 25]. Other tests can be performed on urine
samples for the presence of biomarkers, like lipoarabinomannan (LAM), a glycolipid component of the
mycobacterial cell wall that is shed during bacterial replication, or short extracellular Mtb DNA
fragments. These tests may be especially beneficial for HIV* individuals or those with extrapulmonary
Mtb infection [22]. Although diagnostics have advanced substantially, fast and reliable methods that can
differentiate between active and latent Mtb infection are also lacking. The current routine diagnostics for
latent TB, although they cannot distinguish between latent and active disease, are the tuberculin skin test

(TST) or interferon-gamma release assays.

1.1.4 Clinical Tuberculosis Disease

Historically, TB disease has been described simply as latent or active disease. Based on this
classification system, the majority of TB cases are defined as latent infection, where bacilli exist in a
dormant state; on average, only 5 — 10% of infections develop into active or clinical TB, and it usually
occurs within 5 years of infection [26]. Although useful, this binary classification does not account for
variability in symptomology, immune responses, and bacterial activity; it is now clear that the disease
exists within a continuous spectrum of bacterial activity and immune responses. New stages of TB disease

have recently been proposed: latent, incipient, subclinical, and active/clinical. These additional stages aid



in preparing diagnostic and therapeutic interventions, allowing clinicians to better prevent infection from
progressing into clinical disease [27].

Once Mtb infection has been established in a host and evaded the immune response, the bacteria
will colonize, and infection will remain as a latent infection or undergo rapid/slow progression through
incipient and subclinical stages into active disease. Latency is the most common course. There is no way
of predicting who will progress into active TB, however, underlying risk factors like comorbidities, poor
immunological responses, or larger Mtb inoculum are strongly correlated to advanced disease.

Latent TB (LTB), according to the WHO, is evidence of Mtb infection without clinical,
radiological, or microbiological evidence of active TB disease (Figure 1). Currently, there is no direct
way of confirming LTB or microbiological load at this stage [27]. Incipient Mtb infection is the most
difficult to diagnose and has the least amount of laboratory and clinical evidence of infection. This stage
is marked by the presence of viable Mtb that likely alternates between periods of dormancy and reduced
metabolic activity. Incipient TB will probably progress into active disease, but patients do not yet have
clinical symptoms, radiographic abnormalities, or microbiologic evidence consistent with active TB
disease, and are likely not infectious (Figure 1) [27, 28]. Subclinical TB disease, again, does not show
clinical symptoms but TB-related abnormalities can be detected using radiologic or microbiologic assays
(Figure 1) [27]. Itis possible that bacteria are replicating and metabolically active at this stage, which
also means patients may be infectious [27, 28]. This stage was created primarily due to patients that are
culture positive with radiological chest abnormalities, but symptom-free; an estimated 34% to 68% of
sputum smear positive patients have no symptoms [29]. Finally, active TB disease has viable, replicating
Mtb that results in characteristic clinical symptoms, which typically includes chronic cough (>2 or 3
weeks duration) but may also involve chest pain, dyspnea, and bronchiectasis (Figure 1) [30]. Patients

will also have radiographic abnormalities and microbiologic evidence of infection [27, 28].
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Figure 1: Stages of Clinical TB Disease. Adapted from Drain et al [27].

1.1.5 Immunopathogenesis of Tuberculosis

TB is primarily considered a pulmonary disease, but bacteria can disseminate to extrapulmonary
tissues in approximately 15 — 20% of cases. Aerosolized Mtb is inhaled through the nose and mouth,
passes through the trachea, bronchus, and bronchioles before reaching the alveoli in the lung. Along this
route, the bacteria encounter numerous obstacles, including the respiratory mucosa, which consists of
epithelial cells, a layer of connective tissue and resident immune cells called the lamina propria, and a
coat of airway surface liquid. Once Mtb has entered the body, it will either be eliminated by innate
immune responses, adhere and replicate into active clinical disease, or persist in quiescent forms.

Mtb is an obligate intracellular pathogen, which may be its most valuable defense mechanism, as
that allows the bacteria to protect itself from host defenses. Bacteria largely inhabit phagocytic cells in the
lung, allowing Mtb to hide from the immune response. The bacteria’s survival within these host cells is
dependent upon its ability to manipulate host immunity. Professional phagocytic cells, especially
macrophages, encounter and endocytose the bacteria. Normally, the pathogens are eliminated via the
phagolysosome, but Mtb is unique in that it can evade degradation by both modulating cellular trafficking
of phagosomes and preventing maturation of phagolysosomes, which allows the bacteria to reside within

the cell intact [31]. Additionally, Mtb contains numerous virulence factors that promote cellular necrosis,



and in doing so bacterial dissemination, instead of traditional apoptotic processes that facilitate bacterial
eradication and adaptive immune responses. For example, Mtb interferes with the formation of apoptotic
cell envelopes, and creates disruptions in the plasma membrane that promote necrosis [32, 33].
Infection and disease occur in multiple stages. In the first, bacilli are phagocytosed by alveolar
macrophages, and either destroyed or become chronic inhabitants. In the next stage, the bacteria undergo
replication but do not cause damage to host tissues. This is followed by a period of cellular necrosis, then
clinical disease and cell-mediated immune responses. The final stage, where bacilli evade host defenses,
results in caseous granulomas and robust bacterial replication [34]. These events, and their cellular

constituents, are described more in-depth below.

1.1.5.1 Innate Immune Responses

The innate branch of the immune system is considered the body’s first line of defense, as it
recognizes pathogens and initiates adaptive immune responses. Cellular components of the innate
immune response include macrophages, neutrophils, and dendritic cells. Of note are the airway epithelial
cells (AECs), which are the first host cell to encounter Mtb as it traverses the lung. AECs constitutively
express toll-like receptors (TLRs) which recognize bacterial antigens and initiate inflammatory signaling.
Studies suggest that TLR signaling, which is dependent on the TLR mediator molecule myeloid
differentiation factor 88 (MyD88), is crucial for innate immune responses against Mtb. Upon recognition
of pathogens, AECs attempt to clear the pathogen by phagocytosis, as well as secrete antimicrobial
peptides, like bactericidal secretory leukocyte proteinase inhibitor (SLPI), enzymes, reactive oxygen
species (ROS), nitric oxide (NO), and pro-inflammatory mediators. Although Mtb clearance by AECs is
unsubstantial, they play a considerable role in recruiting immune cells to the site of infection.

Alveolar resident macrophages may be considered the most important innate immune cell
involved in Mtb infection, as they are the predominant host cell implicated in entry, growth, and

restriction of Mtb. Although functionally similar, tissue-resident macrophages are phenotypically distinct



from circulating ones [35]. Macrophages recognize pathogens through their TLRs and phagocytose them;
their ability, or inability, to successfully kill the bacteria dictates if infection persists. Successful
phagocytosis involves endocytosis of the bacilli into an intracellular phagosome, which fuses with a
lysosome to form a phagolysosome. This structure undergoes acidification of the vacuole, activating
digestive enzymes and reactive molecular species that, together, degrades the pathogen. In many cases,
the bacteria can manipulate host machinery, evading degradation and existing within the cell.

Dendritic cells (DCs), which bridge innate and adaptive immunity by presenting antigens, are
robust in the respiratory tract and play a part in the immune response to Mtb [36]. Their role is not
straight forward, as contradicting reports state that DCs are ineffective at mediating T cell responses
during infection, while other state that they are instrumental. DCs identify, phagocytose, and degrade
pathogens, which allows them to process and present antigen. Activation of DCs results in upregulation of
major histocompatibility complex (MHC) I and MHC 11, as well as other markers of an activated or pro-
inflammatory phenotype, including the co-stimulatory markers CD40, CD54, CD58, CD80, and
chemokine receptor 7 (CCR7). They also increase production of pro-inflammatory cytokines such as
interleukin-12 (IL-12), tumor necrosis factor (TNF), interleukin-1 (IL-1), and interleukin-6 (IL-6).
Altogether, these changes allow DCs to migrate to draining lymph nodes where they prime naive T
Ilymphocytes, initiating adaptive immune responses.

Neutrophils, the most abundant leukocyte in the blood, are a major component of the innate
immune response to Mtb, although their exact role is unclear. Neutrophils have shown protective roles in
non-human primate models of TB, and an inverse correlation is observed between neutrophil counts and
risk of infection in humans, highlighting their importance in the early immune response to infection [37,
38]. Alternatively, other studies show that depleting neutrophils did not change the pathology caused by
Mtb. Neutrophils are experts at chemotaxis, using C-X-C motif chemokine receptor (CXCR) 1 and 2
(CXCR1 and CXCR2) to quickly follow an interleukin-8 (IL-8) gradient towards sites of infection [39].
As such, they appear in large numbers immediately following infection. Similar to the function of

macrophages, neutrophils can phagocytose pathogens, but are primarily associated with the release of



secretory vesicles containing enzymes and ROS into the extracellular space that degrade bacteria [40].
They can also secrete mycobactericidal peptides, which are identified in high concentrations at sites of
Mtb pulmonary infection. Not only do these peptides kill bacteria, but they can enhance macrophage-
mediated killing [40]. While effective at eliminating pathogens, degranulation results in massive cellular
death and tissue destruction, and must be tightly managed. These cells can also produce neutrophil
extracellular traps (NETS), structures composed of proteins like chromatin and cellular DNA which can
catch pathogens, limiting bacterial dissemination to other organs and increasing recognition by passing
immune cells. While this may be beneficial early in infection, NETs themselves do not degrade Mtb and
may actually promote pro-inflammatory responses and tissue damage [41]. Though neutrophils play an
important role in early disease, accumulation of neutrophils is observed in patients with active disease.
Therefore, their continued presence within the granuloma exacerbates inflammation, bacterial
dissemination, and, subsequently, disease severity [42, 43].

Other innate lymphoid cells, such as natural killer (NK) cells or y3T cells, a unique lymphocyte
that is present in both innate and adaptive immunity, are involved in the cellular response to Mtb. NK
cells can directly degrade Mtb by secreting bactericidal molecules. They also indirectly contribute to
bacterial elimination by inducing apoptosis of infected cells and activating immune cells through
production of interferon-y (IFN-y) and TNF [43, 44]. y3T cells respond rapidly to mycobacterial antigens
and express a variety of effector functions [45].

In other infectious diseases, recruiting phagocytic innate immune cells can eliminate pathogens,
but this response is ambiguous in TB. Overall, the dynamic innate immune response during TB has little
antibacterial impact but is instrumental in generating adaptive immune responses. Maturation of Mtb-
specific lymphocytes, in response to antigen presentation by innate cells, enhances cell-mediated bacterial

killing.

1.1.5.2 Adaptive Immune Responses

The importance of adaptive immunity has been demonstrated both in humans, by studying disease
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progression in HIV* individuals, and in animal models, where the T cell response has been manipulated.
HIV infection is the biggest risk factor for reactivation of latent TB, and CD4* T cell deficiency
implicated in acquired immunodeficiency syndrome (AIDS) exacerbates TB-associated pathology [46].
Similarly, mouse models deficient in CD4* T cells demonstrate increased susceptibility to Mtb infection
and a reduction in early interferon responses [47].

In both humans and mice, generation of adaptive immunity in response to Mtb is delayed
compared to that of other pathogens; adaptive immune responses occur, on average, 42 days following
exposure in humans or 11 — 14 days in mice [48, 49]. Delayed lymphocyte recruitment allows for
sufficient infection of alveolar macrophages, which permits the bacteria to multiply and disseminate. This
delay is likely because live bacteria must be transported by DCs to the lung-draining lymph node
(LDLN), which occurs 9 — 11 days after infection. In the LDLN, DCs initiate priming and activation of
Mtb-specific T cells through MHC-mediated antigen presentation, specialized co-stimulatory signals, and
cytokine production. This has been shown in numerous studies, where transfer of naive CD4* T cells
specific for Mtb antigens also show delayed lymphocyte activation following aerosol infection [48].
Initiation of lymphocyte responses is increasingly complex in TB, as only lymph node residing DCs are
known to facilitate proliferation of Mtb-specific CD4* T cells; Mtb-infected DCs infiltrating the lymph
node likely release soluble, intact bacterial antigens that are taken up by uninfected, resident DCs that
more efficiently facilitate CD4* T cell expansion [50, 51].

Following stimulation, T cells leave the lymph nodes and migrate to sites of infection, following
a cytokine gradient produced by innate immune cells. The primary mediators of protection by adaptive
immunity are IFN-y-expressing helper type 1 T cells (TH1 cells). It is well established that deficits in
TH]1 cytokine production, patticularly of IFN-y, increase the risk of TB disease progression in humans
[51]. Secretion of IFN-y by T cells induces nitric oxide-mediated apoptosis and killing of Mtb by
macrophages that is independent of autophagy ; mice deficient in IFN-y exhibit increased tissue necrosis
and mortality in response to Mtb infection [52, 53]. These CD4* T cell responses are critical in

determining whether disease is controlled or progresses into more severe pathology; certain T cell
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specificities are more important for mycobacterial control than others [54]. While IFN-y is protective,
latent disease (as opposed to active disease states) is correlated to high quantities of polyfunctional IFN-
Y'TNFIL-2* CD4* T cells [51]. That is likely because TNF production mediates lymphocyte recruitment
to sites of infection, organization of the granuloma, and expression of anti-inflammatory molecules.
Similarly, IL-2 promotes T cell proliferation and differentiation into effector cells [55]. Therefore, the
combined production of these cytokines enhances protection. In addition to the previously mentioned
cytokines, interleukin-17 (IL-17)-expressing T cells (TH17) demonstrate a role in protection against Mtb.
IL-17 signaling allows T cells to localize within lymphoid follicles in the lung and activate macrophages,
as well as recruit early (and therefore protective) neutrophil responses [51].

While CD4* T cell responses have been highly implicated in disease severity, CD8* T cells also
play arole. Latently infected individuals demonstrate increased cytotoxic activity compared to those with
active disease. High Mtb burden may be a determinant of CD8* T cell responses, as high bacterial antigen
levels are correlated with CD8* T cell dysfunction [51]. Additionally, CD8* T cells can also produce IFN-
v, although not to the same extent as CD4* T cells. Overall, the production of multiple cytokines by
infiltrating T cells stimulates immune cell function and mediates the balance between pro- and anti-

inflammatory signaling, which is critical for controlling bacteria and preventing excess tissue damage.

1.1.5.3 Peripheral Pathology and the Formation of the Granuloma

The defining pathology of TB is the formation of the granuloma, which are organized aggregates
of macrophages, neutrophils, DCs, B cells, T cells, NK cells, and fibroblasts that most often arise in
response to a single bacterium [56]. It was once considered that granuloma formation was protective, to
prevent bacterial dissemination, especially considering only a small proportion of Mtb infected
individuals develop active disease. Unfortunately, granulomas not only provide an ideal
microenvironment for Mtb survival but can actually promote bacterial dissemination [57]. Although the
structure of a granuloma has been well described, its composition can be highly variable ; between

individuals, and even within the same respiratory tract, unique granulomas form that progress
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independently over time, with different inflammatory profiles, sizes, and bacterial ecology [58].

The primary cellular component of the granuloma is the macrophage. Infected alveolar
macrophages release factors, including IL-8, chemokine ligand 2 (CCL2), chemokine ligand 3 (CCL3),
chemokine ligand 4 (CCL4), chemokine ligand 5 (CCLS5), and TNF, that recruit immune cells to the lung
[59]. Newly arriving liver-resident and blood-derived macrophages phagocytose Mtb and aggregate
together, resulting in the development of the early granuloma (Figure 2). While macrophage populations
are highly motile under normal physiological conditions, during granuloma formation they undergo
various morphological changes and become static [60]. They can also differentiate into foam cells, which
are characterized by triglyceride accumulation, and transform into epithelioid cells (or epithelioid
histiocytes) that upregulate adhesion molecules to increase contact with adjacent cells [61, 62].

DCs also phagocytose Mtb, presenting microbial antigens that stimulate lymphocytes. As the
granuloma matures, and the adaptive immune response is generated, macrophages are surrounded by a
cuff of CD4* and CD8* T lymphocytes, NK T cells, and B lymphocytes (Figure 2). T cells within the
granuloma are mobile and produce a moderate amount of cytokines; on average, < 10% of the T cells
within granulomas are cytokine-producing [63]. There are numerous hypotheses regarding the low level
of T cell responsiveness, including decreased stimulation by other immune cells and the spatial
organization of cells within granulomas, where T cells are limited to the outer layer [63]. Regardless, they
play a substantial role in controlling infection and balancing anti-inflammatory versus pro-inflammatory
signaling. Initial pro-inflammation leads to remodeling within the granuloma and necrosis, whereas anti-

inflammatory mediators resolve inflammation and limit tissue damage [63, 64].
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Figure 2: Cellular Composition and Organization of the Tubercular Granuloma. Adapted from

Ramakrishnan [57].

Multiple types of granulomas can form, but TB is typically associated with caseous necrotic

granulomas. Within the core of the granuloma, cellular debris, caused by necrotic cell death, accumulates;

this leads to the formation of a soft, cheese-like consistency called caseum. Granulomas can also be

characterized as non-necrotizing, neutrophil-rich (where the necrotic core is infiltrated by neutrophils),

calcified (where the necrotic core is mineralized), fibrotic (encapsulated by a layer of fibrotic tissue as a

result of fibroblast infiltration), or cavitary (when necrosis invades through the wall of an airway,

distorting the structure, and causing discharge of necrotic debris into the bronchial tree) [65, 66].

Unfortunately, while the granuloma does sequester bacteria, Mtb exploits the structure in order to

proliferate and disseminate throughout the host lung and extrapulmonary tissues. Macrophages are

continuously recruited to sites of infection, through bacterial induction of epithelial matrix

metalloproteinase-9 (MMP9) [67]. Mtb itself actually drives granuloma formation, through microbial
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production of Early Secreted Antigenic Target 6 (ESAT-6), which mediates not only macrophage
aggregation but reduces their motility, increasing the likelihood they will phagocytose bacteria or
pathogen-riddled necrotic cells and become infected themselves [68, 69]. The constant recruitment of
macrophages to the granuloma allows for continuous turnover of viable host cells, permitting Mtb to
persist within granulomas foras long as decades [59]. This process also facilitates intercellular bacterial
spread, as it increases the likelihood that newly infected macrophages will egress from the primary
granuloma, initiating secondary granulomas and potentially disseminating to extrapulmonary tissues,
which is known as miliary TB [57]. Typically, Mtb disseminates first to vascular organs like the liver and

spleen, although bacteria can disseminate to any organ [70, 71].

1.14  Tuberculosis of the Central Nervous System

As mentioned above, TB is primarily considered a pulmonary disease, but it can affect every
organ, including the brain. In 1.3% of TB cases, or 6.3% of extrapulmonary TB cases, Mtb disseminates
to the central nervous system (CNS). The most common form of CNS infection is TB meningitis (TBM),
but tubercular encephalitis, intracranial tuberculoma, or tuberculous brain abscesses can also occur [72].
TBM is considered the most severe form of extrapulmonary disease, with a 30 — 60% mortality rate for
adults and 4 — 20% for children [73]. Children and people co-infected with HIV are more at risk for
bacterial dissemination to the CNS. Other risk factors include malnutrition, alcoholism, malignancies, and
use of immunosuppressive drugs. Adults with TBM often present with fever, headache, stiff neck, and
neurological deficits like behavioral changes and alterations in consciousness. Children with TBM show
similar signs, but will often also present with seizures, abdominal symptoms like nausea, and neurological
symptoms ranging from lethargy to coma [72].

Dissemination to the brain occurs when bacteria are trafficked by macrophages and DCs to
distant sites in the body; bacteria typically disseminate to highly oxygenated tissues, which includes the

brain. Disease begins with the development of small TB foci in the brain, spinal cord, or meninges. The
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location of the foci and the immune response to infection determines the extent of disease [72]. The
blood-brain barrier (BBB) is specifically designed to keep pathogens out, which makes dissemination to
the CNS perplexing. It is likely that local production of TNF increases BBB permeability, allowing
infected immune cells orbacteria to infiltrate the brain [74]. Once Mtb has penetrated the CNS, it can
infect microglial cells, in a similar fashion to alveolar macrophages, and replicate. Microscopically, TBM
and intracranial tuberculomas consist of accumulated granulomas (both necrotic and non-necrotic) at the
meninges and in the brain parenchyma. TBM is also characterized by the formation of a dense exudate
composed of erythrocytes, neutrophils, macrophages, and lymphocytes; the exudate envelops arteries and
nerves, reducing flow of cerebral spinal fluid (CSF) that causes hydrocephalus. Vasculitis also develops
in the vessels of the circle of Willis, the vertebrobasilar system, and the perforating branches of the
middle cerebral artery [72]. TB abscesses do not present with granulomas; instead, viable bacilli are
found within accumulations of neutrophils and pus, surrounded by a capsule [73].

Many models of TBM and CNS TB have been used, which typically involve intracranial
injections of Mtb or Mycobacterium bovis into guinea pigs, mice, and rabbits. These models demonstrate
that bacterial infection of the brain results in rapid onset of TBM with clinical symptoms. These methods
also initiate acute inflammatory responses, infiltration of lymphocytes, microglial activation, elevated

chemokine levels in the CSF, and bacterial growth in both brain and CSF [72].

1.1.6 Treating Tuberculosis

Treatment for TB is designed with the following aims: eliminate bacterial infection, restore
quality of life, prevent relapse, reduce transmission, and to reduce the development and transmission of
drug resistance [75]. The treatment regimen prescribed is dependent upon disease state, risk factors and
other comorbidities, and Mtb drug susceptibility. In standard cases, patients undergo a 2-month period of
intensive antibiotics with isoniazid, rifampicin, pyrazinamide, and ethambutol (intensive phase), followed
by 4 months of rifampicin or isoniazid (continuation phase). In areas where isoniazid resistance is

common or in repeat cases, 6 months of treatment with rifampicin, ethambutol, pyrazinamide, and
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levofloxacin is recommended. Patients with multidrug- or rifampicin-resistant TB are typically treated
with a 9 — 11-month regimen of anti-TB agents. If this fails, longer, upwards of 20 months, regimens of
anti-TB drugs can be prescribed. Advised drug regimens are lengthy, involving multiple months of daily
treatment, and the antibiotics are often associated with adverse side effects including hepatotoxicity and
gastrointestinal issues. As a result, poor treatment compliance is common, which has only exacerbated

disease transmission and drug resistance [75].

1.2 Alzheimer’s Disease and Alzheimer’s Disease Related Dementias
1.2.1 History and Epidemiology of Alzheimer’s Disease

In November 1901, a 50-year-old woman named Auguste D was admitted into the Frankfurt
Psychiatric Hospital. Complaining of sleep disruption, disturbances of memory, aggressiveness, crying,
and progressive confusion, Dr. Alois Alzheimer documented her symptomology and, following her death
in 1906, distinctive neuropathology. From Auguste’s unique clinical presentation rose the first known
case of Alzheimer’s Disease (AD) [76, 77]. Later, in 1911, Alzheimer made the first official diagnosis of
AD in a male patient named Josef F [78].

Today, AD is the primary cause of dementia in elderly populations and affects approximately 32
million people globally. The prevalence of prodromal AD increases exponentially with age;
approximately 2.7% between 60 and 64 years of age, to as high as 25.8% by ages 85 — 90. AD dementia
is also more common among women than men [25]. Devastatingly, cases of AD are expected to reach as

many as 150 million worldwide by 2050 [79].

1.2.2 Clinical Symptomology and Neuropathological Progression of Alzheimer’s Disease

Impaired memory is the hallmark clinical presentation of AD. Initially, it is characterized by
subtle memory deficits, for example, misplacing objects, forgetting conversations, problems remembering
names, and missing appointments, that progress in severity over time. AD does not always present as a

neuropsychologically homogeneous disease with an initial memory deficit followed by cognitive
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impairment; some patients can have deficits in multiple areas of cognition, like executive functioning,
especially in early stages of the disease [80]. A study conducted on AD patients showed that 79% of the
patients had both verbal and visual memory deficits, 6% had only visual memory deficits, and 7% had
only verbal memory affected. Interestingly, memory loss is not initially identified in all cases of AD [81]

Stages of AD, including a preclinical phase, prodromal phase, and clinical phase, have been
proposed. Using this scheme, the preclinical stage is where amyloid and tau begin to accumulate;
misfolded proteins are likely present in CSF and positron emission tomography (PET) imaging. At this
stage, there are no signs of neurodegeneration, and cognition/memory are considered normal, although
evidence of a delayed learning curve and recall may be present. There could be signs of behavior changes
like apathy and irritability. In the prodromal stage, more misfolded proteins are accumulating, and there is
evidence of mild cognitive impairment. This includes obvious episodic memory loss, repeated questions,
misplacing items, disorientation, and reduced executive abilities like problem solving and decision
making. A person’s ability to function daily might be impaired at this stage. The clinical stage is
characterized by dementia, substantial misfolded protein deposition, and neuronal loss or dysfunction [82,
83].

AD neuropathology is defined by both macroscopic and microscopic features. Macroscopically,
moderate brain atrophy is typically seen, especially of the frontal and temporal cortices, amygdala, and
hippocampus that likely results in decreased brain weight. While these changes are usually seen in those
diagnosed with AD, they are not specific to AD and people without the disease may also show cortical
atrophy. Another common feature of AD is the loss of neuromelanin pigmentation in the locus coeruleus
which, again, is not necessarily specific to AD [84].

Microscopic changes are much more definitive for AD diagnoses, specifically, the presence of
extracellular amyloid plaques and neurofibrillary tangles. Tau aggregates are initially found in the medial
temporal lobe structures, especially the hippocampus and entorhinal cortex, and then spread to temporal,
parietal, and frontal lobe association areas. A} deposits in parietal, temporal, and frontal association areas

[85]. Other misfolded protein pathologies can be identified, as well as glial inflammation. Ultimately,

18



synaptic loss and neurodegeneration results in clinical symptoms. One widely accepted hypothesis is that
the clinical symptomology of AD results from degeneration of cholinergic neurons, which decreases

acetylcholine (ACh) signaling in neuronal regions [86].

1.2.3 Diagnosis and Clinical Progression of Alzheimer’s Disease and Alzheimer’s Disease Related
Dementias

Dementia is defined as the decline of memory and other cognitive functions. The classification of
dementia subtypes has been routinely revised. The diagnosis of AD is largely a clinical one, as thereis no
definitive premortem test able to confirm the diagnosis during life, but the primary clinical criteria for the
diagnosis of AD was created by the National Institute of Neurological and Communicative Disorders and
Stroke and Alzheimer’s Disease and Related Disorders Association in 1984. The criteria are broken into
probable, possible, and definite disease. The criteria for diagnosis of probable AD include the following:
1. Gradual onset of dementia or memory loss established by clinical examination (Mini-Mental Test,
Blessed Dementia Scale) and confirmed by neuropsychological tests, 2. Aphasia, apraxia, agnosia, or
deficits in executive functioning, 3. Progressive worsening of memory and cognitive function, 4. No
disturbance of consciousness, 5. Onset between ages 40 and 90, and 6. Absence of systemic disorders or
other brain diseases [87, 88]. A diagnosis of probable AD dementia is supported by symptoms of
depression, insomnia, hallucinations, and emotional outbursts. Possible AD dementia is typically made on
a case-by-case basis, usually for research purposes, and encompasses the symptoms of probable disease
with a gradually severe cognition deficit. This occurs in persons who meet the core clinical criteria for
probable AD dementia, documented cognitive decline increases the certainty that the condition represents
an active, evolving pathologic process, but it does not specifically increase the certainty that the process is
that of AD pathophysiology [87, 88]. Cumulative evidence has defined a definite diagnosis of AD based
on the presence of these three elements: clinical dementia (cognitive impairment with a memory
component that impacts daily living skills), substantial numbers of neocortical neurofibrillary tangles

(NFTs) at autopsy as quantified using Braak staging, and substantial numbers of amyloid plaques.
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Medical diagnosis of AD can be difficult because many early symptoms are disregarded as
normal consequences of aging [89]. Additionally, AD symptomology is shared with many other diseases,
including manic-depressive disorder, Parkinson’s Disease, multi-infarct dementia, and, in more rare cases,
thyroid disease, pernicious anemia, luetic brain disease, infection of the CNS, subdural hematoma, occult
hydrocephalus, Huntington’s disease, Creutzfeldt-Jakob disease, and cancer [87]. These shared symptoms
between a variety of disorders make it increasingly challenging to differentiate AD.

Cumulative evidence from patients clinically diagnosed with the disease suggests that the
pathophysiological process of AD begins years, sometimes even decades, before clinical diagnosis. For
this reason, and the progressive nature of the disease, staging schemes have been implemented. Typically,
AD is defined by mild, moderate, and severe dementia. Recently, more thorough dementia staging
schemes (1 — 6) have been implemented based on cognition, function, behavior, and disease-specific
biomarkers. Stage 1 showsno abnormalities of cognition. Stages 2 and 3 are preclinical stages, where
memory and cognition are compromised compared to a person’s baseline, but in stage 3 a person’s ability
to perform daily tasksis affected. Behavior changes characteristic of preclinical stages include irritability
and apathy. Stage 4 is considered mild dementia; patients show episodic memory loss, such as decreased
learning, but can function normally and show no overt clinical symptoms. Stage 5 is considered moderate
dementia, where there is extensive impact to an individual’s ability to function daily, and they often
require assistance to perform daily tasks. Stage 6 is severe dementia; people likely cannot even perform
self-care at this stage. Grouping individuals into these refined clinical stages may be beneficial in creating

treatment regimens and selecting participants for trial or research participation.

1.2.4 Etiology of Alzheimer’s Disease
The complete etiology of AD is not well understood, but current evidence from human patients
and experimental models describe multiple possible etiologies, including genetic mutations, exposure to

environmental neurotoxicants, and infectious agents.
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1.2.4.1 Genetics

The heritability is AD is high, estimated to be the cause of between 60% and 80% of cases [90].
The first three genes discovered that can cause early-onset AD are APP, which encodes the amyloid
precursor protein, as well as PSENI and PSEN2, both of which encode presenilins 1 (PS1) and 2 (PS2),
respectively. Mutations in the APP gene result in altered cleaving of the amyloid precursor protein (APP),
which causes accumulation of the neurotoxic 42 amino acid peptide (AB;.42) [91]. PS1 is the catalytic
subunit of y-secretase, the protease that cleaves APP. Mutations in the PSEN/ gene resultin an increased
ratio of neurotoxic A4, proteins and loss of presenilin functions in the brain, which contribute to
neurodegeneration [92]. In PSENI alone, over 150 mutations in 400 pedigrees have been reported.
Alternatively, mutations in PSENZ are rare, causing partial loss of function of y-secretase [91]. Another
gene, which is typically associated with late-onset AD, is APOE, which encodes apolipoprotein E (ApoE),
a serum cholesterol carrier synthesized by astrocytes that supports lipid transport and injury repair in the
brain. There are three major known isoforms, 2 (ApoE2), 3 (ApoE3), and 4 (ApoE4); others exist but are
extremely rare. ApoE4 is strongly associated with risk for AD, as it binds AB,.4, and encourages

deposition of senile plaques [93].

1.2.4.2 Infectious Agents

Infectious agents, including viruses and bacteria, have been routinely implicated in AD
neuropathogenesis. The basis of these hypotheses are centered on the presence of microbes in not only the
brain of most elderly individuals but also in association with AD pathology, localized damage to the brain
caused by infections, and that genetic polymorphisms common in disease also modulate immune function
[94]. Itis likely that multiple infectious agents, or infection combined with an environmental or genetic
component, contribute to the manifestation of disease [95].

First established in the 1980s, the viral etiology hypothesis of AD posits that viruses in the brain
contribute to the pathological progression of disease. Strong connections between herpesviruses and AD

have been made, especially Herpes Simplex Virus-1 (HSV-1) and Herpes Simplex Virus-2 (HSV-2), as
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well as Cytomegalovirus (CMV; HHV-5), Epstein-Barr Virus (EBV; HHV-4), Varicella-Zoster Virus
(VZV; HHV-3), and Hepatitis C Virus (HCV), as detailed below.

Herpesviruses are large, double-stranded DNA viruses that establish lifelong latency; following
initial primary infection, herpesviruses remain latent in cells specific to each virus, rarely causing death of
the host [96]. HSV-1, which typically causes oral and sometimes genital herpes, is a widespread
neurotropic virus that likely reaches the brain via retrograde transport through olfactory or trigeminal
nerves, but could possibly enter by hematogenous dissemination. Infection of the CNS causes a rare form
of encephalitis, as a result of primary infection and from reactivation of latent virus by stress or
inflammation [97]. Viral DNA has been identified in post-mortem brain specimens from numerous AD
patients, particularly in those who carry the type 4 allele of the gene that encodes apolipoprotein E
(APOE4), another potential risk factor for AD [14, 56]. HSV-1 DNA has also been localized to amyloid
plaques from the temporal and frontal cortices of those diagnosed with AD [58]. Prospective, population -
based studies show people with positive titers of anti-HSV-1 IgM antibodies, which indicates primary or
reactivated HSV-1 infection, increases the risk of AD [59]. Murine models of herpes simplex encephalitis
(HSE), via inoculation with attenuated virus, resulted in persistent microglial activation followed by
neuronal loss and behavior deficits; these neuropathologies increase susceptibility to neurodegenerative

diseases [98]. This is just one example of how microbes play a role in AD pathogenesis.

1.2.5 Current Treatments for Alzheimer’s Disease

There is no cure for AD, and current treatment options are merely symptomatic. The only drugs
that have been approved by the Federal Drug Administration (FDA) are brexpiprazole, donepezil,
galantamine, and memantine. Of these drugs, donepezil (Aricept), rivastigmine (Exelon), and galantamine
(Razadyne), are acetylcholinesterase enzyme (AChE) inhibitors. It is hypothesized that many AD
symptoms are caused by degeneration of cholinergic neurons. By inhibiting AChE, which hydrolyzes
acetylcholine into acetic acid and choline, cholinergic neurotransmission is enhanced. While these drugs

have shown some level of efficacy, it is only in mild to moderate disease, and they typically cannot be
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used as the disease progresses. They are usually well-tolerated, aside from some side effects, including
nausea, vomiting, diarrhea, loss of appetite, weight loss, bradycardia, dizziness, insomnia, fatigue,
drowsiness, headache, and muscle cramps. A fourth drug, tacrine, is no longer in clinical use due to
hepatotoxicity. Cholinergic enhancers have also been used to modulate cortical function but have not
been remarkably successful in clinical trials.

The other approved drug, memantine (Namenda), is a non-competitive N-methyl-D-aspartate
(NMDA) antagonist that works by regulating glutamate activation, thereby blocking the toxic effects
associated with excess glutamate. This drug has been used to treat the symptoms of moderate to severe
AD. Similar to the other approved drugs, side effects include dizziness, headache, diarrhea, constipation,

and confusion [99].

1.3 Parkinson’s Disease and Lewy Body Dementia
1.3.1 History and Epidemiology of Parkinson’s Disease

It is understood that Parkinson’s Disease (PD) was first described as long ago as 1000 BC in
ancient Indian texts, which detailed tremor of the head, loss of movement, stiffness, stammering,
dementia, and confusion [100]. Chinese texts from 425-221 BC describe a similar syndrome with
limitation of movement, postural disturbances, stiffness, and tremor, which closely mimics modern-day
PD [101]. James Parkinson was the first to medically describe PD in 1817, defining a disorder with
“involuntary tremulous motion, with lessened muscular power, in parts not in action and even when
supported; with a propensity to bend the trunk forward, and to pass from a walking to a running pace: the
senses and intellects being uninjured” [102]. Later, scientists expanded upon James Parkinson’s initial
description, detailing the histological hallmarks of the disease. Edouard Brissaud was the first to
distinguish the substantia nigra (SN) as the pathological origin of disease in 1899 [103]. Soon after, in
1912, Frederick Lewy identified aggregated inclusions in the SN, which are now known as the Lewy
body [103]. Interestingly, it was not until 1960 that Oleh Hornykiewicz identified dopamine (DA), or to

be more specific, the loss of DA, as the major contributor to PD symptomology [103].
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Today, PD is the second most common neurodegenerative disease after AD, and the most
prevalent movement disorder in aging populations [104, 105]. Assessments of PD burden worldwide vary
between studies, but the Global Burden of Disease (GBD) study reported that the global estimates of PD
prevalence and incidence were approximately 8 million and 1 million, respectively, in 2017 [106, 107].
Studies also predict that the burden of PD will grow substantially over the coming years [108]. This
disease is strongly associated with aging; 1% of diagnosis are made in individuals at or above the age of
60, and 4 — 5% in individuals over the age of 80, with 60 years being the average age of onset [109, 110].
Not only is age arisk factor, but prevalence of PD in men is 1.5 — 2.0 times higher than in women; this
disparity persists across age groups [110]. Despite these staggering statistics, it is possible that PD may
actually be underrepresented within the context of neurodegenerative disease cases, as its overlap in

clinical symptomology makes accurate diagnostics challenging [111].

1.3.2 Clinical Symptomology and Neuropathological Progression of Parkinson’s Disease

Due to the heterogeneous nature of PD, classifying the disease into specific stages, which
determines how advanced the disease is and allows clinicians to formulate treatment plans, has been
challenging. The most prominent staging system, defined by neuropathology and clinical symptoms,
describes several phases of PD: the risk phase, preclinical phase, prodromal phase, and clinical phase
[112]. The risk phase, which occurs prior to neurodegeneration, is when genetic and environmental
factors contribute to dysfunction in the SN. Following this period is the preclinical phase, where
neurodegeneration is initiated. This is an asymptomatic stage without reliable biomarkers. Symptoms first
become evident during the prodromal phase of PD, which can occur upwards of two decades before
clinical diagnosis. Markers of the prodromal phase include rapid eye movement (REM) sleep behavior
disorder (RBD), insomnia, hyposmia, autonomic dysfunction, behavioral changes, depression, anxiety,
gastrointestinal dysfunction, and mild motor signs [112, 113]. Unfortunately, the majority of these
symptoms lack specificity and therefore may be poor predictors of PD, though studies have shown that

patients with tremor, balance problems, depression, constipation, fatigue, and urinary dysfunction are at
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higher risk for developing PD than those without these symptoms [114]. Evenif these early symptoms do
not reliably predict PD, they often correlate to more severe motor symptoms in those diagnosed with the
disease [115].

Motor symptoms fully manifest during the clinical phase of PD. These include bradykinesia
(general slowness and paucity of spontaneous movement), axial rigidity, hypomimia (masked facial
expressions), speech deficits, impaired handwriting and grip force, and tremor of fully resting limbs
which is suppressed during the initiation of movement [116]. A resting, pill-rolling tremor of the hands,
where the thumb and the index finger form circular movements, is a unique symptom of PD [117].
Notably, these presentations, especially bradykinesia and tremor, are asymmetric at onset and unlikely to
become symmetrical as the disease progresses [118].

Pathologically, PD is characterized by a loss of dopaminergic neurons (DAn) in the substantia
nigra pars compacta (SNpc) and striatum (ST). Motor symptoms manifest after degeneration has occurred
in the nigrostriatal pathway; current data estimates that 40 — 60% of DAn have degenerated in the SNpc
and 60 — 70 % of dopamine has been depleted in the ST by the clinical phase of the disease [112, 119-
121]. Intraneuronal accumulation of proteinaceous aggregates of a-synuclein (a-syn) into Lewy bodies, a
characteristic neuropathology of PD, contributes to neuronal loss. These aggregates spread throughout the
brain as disease progresses, in Braak stages that can correspond to disease severity [122]. Initially, Lewy
bodies are identified in the dorsal motor nucleus and, sometimes, in the anterior olfactory nucleus (stages
1 and 2). Synucleinopathy then spreads to the brain stem (stage 3), anteromedial temporal mesocortex

(stage 4), neocortex (stage 5), and finally to the sensory and motor cortices (stage 6) [122].

1.3.4 Diagnosis and Clinical Progression of Parkinson’s Disease and Lewy Body Dementia

Similar to AD, the diagnosis of PD is based on clinical symptomology, as there are no definitive,
premortem tests available that can confirm the diagnosis. Biomarkers can be tested, such as detecting a.-

syn or neuroinflammatory markers in blood or cerebral spinal fluid (CSF), but these methods are not
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always reliable [123]. This has led to three clinical diagnoses for PD: clinically possible PD, probable PD,
and definite PD [124]. First, a history of premotor symptoms, including sleep-related REM sleep
behavior, loss of smell, and constipation, are evaluated, followed by clinical examination for
characteristic symptoms [125]. Possible PD is based on the presence of any two of the following motor
features: recent onset resting tremor, rigidity, bradykinesia, and asymmetric symptomology, where at least
one symptom is tremor or bradykinesia [124, 126]. Male PD patients typically present with akinesia,
cognitive impairment, daytime sleepiness, and RBD more frequently than female PD patients, who
usually present with anxiety, depression, and dyskinesia more frequently [110]. The patients must also not
present with a feature characteristic of other another diagnosis and, if performed, a substantial response to
a dopaminergic treatment such as Levodopa [126]. Clinically probable PD meets all the criteria for
possible PD but encompasses the combination of three of the aforementioned motor features [124, 126].
Clinically definite PD meets the criteria for possible PD but includes a neuropathological component
[124, 126]. Pathological features required for this diagnosis include neuronal loss, gliosis, and at least one
Lewy body in the SN [126]. It has been suggested that adding other requirements, such as a five-year
duration of symptoms, or emphasizing the response to dopaminergic drugs may improve diagnostic
accuracy [127].

Neurodegenerative diseases share similar symptomology, which makes it increasingly difficult to
accurately diagnose them. In fact, studies have shown that inaccurate diagnoses of PD are made in as
many as 32% of clinical cases, and that current diagnostic capabilities have not advanced over the past
few decades [127, 128]. Dementia with Lewy bodies (LBD) may be the best example of the difficulty in
diagnosing this neurodegenerative disease. While PD and LBD clinically overlap, as they share
neuropathologies including aggregation of a-syn into Lewy bodies as well as loss of DAn in the SN, they
are, in fact, different disorders [129, 130]. The only true indication that PD-like disease presentation may
be LBD is the time dementia presents relative to motor symptoms, as dementia arises after at least 1 year
of motor symptoms in PD but may come earlier in LBD [129]. Other indications that PD-like disease may

be LBD, or another disorder, are the absence of symptom asymmetry, extremely fast disease progression,
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changes in eye movement, and indications of cerebellar dysfunction. PD is a progressive disease, so it is
also unexpected to see severe cognitive deterioration or psychosis, drastic lower limb involvement,

frequent falls, or marked autonomic dysfunction in early disease stages [125].

1.3.3 Etiology of Parkinson’s Disease
The complete etiology of PD is incompletely understood, but current evidence from human

patients and experimental models describes multiple possible risk factors. Most clinical cases of PD are
idiopathic with unknown etiology; only 15% of PD patients have a family history of the disease, and 5—
10% of PD patients have Mendelian inheritance. To date, the greatest risk factor is age, but studies have
implicated exposure to environmental neurotoxicants and infectious agents in disease pathogenesis. It is
likely that PD is a multifactorial disease involving many etiological factors that contribute to the
progression of disease, as the vast majority of people with PD-related genetic mutations or who have been

exposed to environmental risk factors rarely develop clinical disease.

1.3.3.1 Genetics

Five definitive causal PD genes have been identified: SNCA (PARK1), Parkin (PARK?2), PTEN-
induced putative kinase 1 (Pinkl; PARK6), Dj-1 (PARK?7), and Leucine-rich repeat kinase 2 (Lrrk2;
PARKS). Of these genes, mutations in SNCA and Lrrk2 are responsible for autosomal-dominant forms of
PD, where one copy of an altered gene in each cell is sufficient to cause disease [131]. Rare mutations in
SNCA, which encodes the o-synuclein protein, results in the formation of stable 3 sheets that exacerbate
misfolding into neurotoxic oligomers and fibrils [132]. Mutations in Lrrk2 are more frequent, of which
over 50 have been described. This gene encodes the cytoplasmic protein leucine-rich repeat kinase 2
(LRRK?2), which likely modulates kinase activity, although the exact mechanism is unknown [131].
Mutations in Parkin, Pinkl,DJ-1, and ATP13A2 are accountable for autosomal recessive modes of PD
inheritance. Parkin mutations result in decreased catalytic activity of the ubiquitin E3 protein-ligase,

aberrant ubiquitination, and impairment of proteasomal degradation [133]. The others, Pinkl, DJ-1, and
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ATPI13A2, cause disturbances in mitochondrial function and oxidative stress [134-136]. Other genes have

also been implicated in PD, including a total 15 causal genes and over 25 genetic risk factors [137].

1.3.3.2 Environmental Exposures

The number of PD cases without a genetic origin makes it clear that there is an environmental
component to PD, although it is unknown if disease is caused by independent exposure or if it is the result
of accumulative exposures across a person’s lifetime. Several causative agents have been identified that
induce neuropathologies similar to those recognized in idiopathic PD patients. These include neuroleptic
drugs (risperidone, olanzapine, aripiprazole), trace metals (manganese (Mn), iron, selenium, copper),

organophosphates, pesticides (paraquat and rotenone), and infectious agents [138].

1.3.3.2.1 Pesticides: Rotenone

While pesticides are used globally to control disease vectors and protect crops, they have also
been heavily associated with neurological disease. Pesticides were first implicated in PD pathology when
it was recognized that the structure of a commonly used herbicide, paraquat, closely resembled a
neurotoxic metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), MPP+ (1-methyl-4-
phenylpyridinium). MPP+ is a mitochondrial complex-I inhibitor that selectively damages DAn in the SN
[139]. Following this finding, the relationship between pesticide exposure, including paraquat,
permethrin, dieldrin, and rotenone, and the risk of developing PD was more thoroughly evaluated [140].

Rotenone is a naturally occurring insecticide, pesticide, and piscicide derived from specific
plants. Its reported use dates back hundreds of years, as native tribes used it to harvest fish. In the 1800’s,
rotenone's insecticidal effects were reported, and French botanist Emmanuel Geoffroy extracted it from
the Lonchocarpus nicou plant. Since then, rotenone became one of the most widely used pesticides,
insecticides, and piscicides, until its toxic effects became known in the 1990°s [141].

It is now understood that rotenone is an inhibitor of mitochondrial complex I (by interrupting the

activity of nicotinamide adenine dinucleotide-dehydrogenase (NADH-dehydrogenase)), which results in
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the toxic production of superoxides and reactive oxygen species [142]. Its hydrophobic nature allows it to
not only readily pass the BBB into the brain, but easily cross cellular membranes, causing systemic

inhibition of complex I [143]. Interestingly, rotenone toxicity results in selective degeneration of DAn in
the nigrostriatal pathway, formation of a-syn aggregates, glial inflammation, and behavior deficits that

mimic PD [144].

1.3.3.2.2 Infectious Agents

The possibility that infectious agents contribute to neurodegenerative pathology, including PD,
has been documented for over a century. This idea has been supported by individuals presenting with PD-
like symptoms following infectious outbreaks of both viruses and bacteria. In fact, meta-analytic results
suggest that infection with a biologic agent can increase a person’s risk of developing PD by as much as
20% compared to controls [145].

Viral infections have been most highly implicated in PD, and the most well understood
connection is through postencephalitic Parkinsonism, as demonstrated by the 1918 influenza pandemic
(“Spanish Flu”) caused by the HINI influenza virus [146]. Calculations estimate that approximately 500
million people were infected during this pandemic. A unique presentation, termed “encephalitic
lethargica”, was described among influenza patients, with some developing somnolence, ptosis, delirium,
and parkinsonism.

It is expected that there are two pathophysiological mechanisms: immediate damage resulting in
para-infectious (within 15 days from the initial infectious episode) PD and delayed mechanisms resulting
in post-infectious forms of parkinsonism. It is thought that post-infectious Parkinsonism is caused by
latent viral infection, resulting in persistent inflammatory processes, or pathogen-induced autoimmunity,
where molecular mimicry between viral and host antigens produces damaging T and B cell responses
[147]. Epitopes of herpes simplex virus 1 (HSV-1), identified in PD patient brains, are cross reactive with
a-syn, which could stimulate T and B cell responses against neurons in the SN. In fact, antibodies specific

to these HSV-1 epitopes have been identified in PD patients [148]. Similar cross reactivity was seen with
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Epstein-Barr virus (EBV) [149].

Numerous other viruses have been associated with PD, including varicella zoster virus (VZV),
West Nile Virus, Japanese Encephalitis Virus, HIV, and Western Equine Encephalitis Virus (WEEV)
[150-153]. Most encephalitic viruses (West Nile Virus, Japanese Encephalitis Virus, and WEEV) cause
immediate onset PD-like symptomology. These viruses enter the brain through peripheral nerves, cross
the blood-brain barrier (BBB) or blood-cerebrospinal fluid barrier. They cause CNS damage or indirectly
wreak havoc by inducing inflammation in the nigrostriatal pathway. Others, including influenza and HIV,
are associated with delayed Parkinsonism, occurring months to years following initial infection [150-
153]. Causal roles of neurotrophic bacterial infections have been implicated in PD, including Gram
negative Borrelia budgdoferi, which is the causal agent of Lyme disease in North America. Borrelia
budgdoferi infection damages the SN and causes a syndrome that resembles PD, although no
epidemiological correlations have been made between areas high in incidence of Lyme disease and
increased prevalence of PD [154, 155].

Constipation is one of the most common features of the prodromal phase of PD, which suggests
that the gut microbiome may play a role is disease pathogenesis, and that the gut may even be the origin
of PD pathology that subsequently spreads to the brain. The gastrointestinal tract typically contains over
1,000 bacterial species, and the composition of these strains is altered in PD patients [156]. Bacterial
infections, and strains colonizing the gut microbiome, can stimulate pro-inflammatory immune responses
and produce neurotoxic factors, such as endotoxins like lipopolysaccharide (LPS). It has been well
described that LPS mediates aggregation of a-syn, which can travel from the gut to the brain via the vagus
nerve [157, 158]. One pathogen commonly found in the gut microbiome is Helicobacter pylori (H.
pylori), a Gram negative bacterium that can cause gastric and duodenal ulcers, those of which have been
described in PD patients. As such, H. pylori infectionresultsin a 1.5-3 fold increased risk of developing
PD, depending on the study. Similarly, Clostridium difficile (C. difficile), which colonizes the intestines
but can cause diarthea and pseudomembranous colitis, is correlated to higher risk of PD [159]. While not

as thoroughly explored as neurotrophic infections, bacterial infections in peripheral tissues have also been
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implicated in PD. Porphyromonas gingivalis (P. gingivalis), which contributes to periodontitis and
periodontal inflammatory disease (PID), infection may increase the likelihood of developing PD [160].

Patients with TB, caused by Mtb, independently have a 1.38-fold risk of PD [161].

1.3.5 Current Treatments for Parkinson’s Disease
1.3.5.1 Clinical Treatments

Currently, there are no treatments in clinical use that modify or prohibit the pathological
progression of PD; the most commonly prescribed treatments address PD symptoms or replace dopamine.
The gold standard drug used today, despite its discovery sixty years ago, is levodopa, a precursor of
dopamine that compensates for neurotransmitter loss in the nigrostriatal pathway [162, 163]. Levodopa is
primarily absorbed in the small intestine and metabolized by the liver and kidneys; only 1% of the drug
enters the brain [164]. Combined treatment with a dopa-decarboxylase inhibitor can increase levels up to
10% in the brain. While successful at rapidly ameliorating motor symptoms, including gait and speech
disruptions, levodopa has five major pitfalls: inability to treat non-motor symptoms, severe side effects,
short periods of effectiveness, clinical complications, and limited bioavailability in the brain.

While motor signs are alleviated with levodopa use, most of the non-motor symptoms, including
cognitive dysfunction, dementia, confusion, and insomnia, do not respond to the treatment [165]. There is
some evidence that anxiety, depression, and anhedonia may be addressed by levodopa [165]. Side effects
of levodopa treatment, which can be both acute and chronic, include nausea, vomiting, anorexia,
hypotension, chorea, dystonia, myoclonus, akathisia, and hallucinations [164]. Generally, women have
greater responses to levodopa, due to increased bioavailability of the drug, but experience more levodopa-
induced dyskinesias, mobility limitations, and sensory symptoms than men [166]. Many of these side
effects can be addressed by reducing the dosage or combining drug therapies. Dopa-decarboxylase
inhibitors (carbidopa/Lodosyn), anti-nausea drugs (diphenidol, cyclizine, ondasetron, hydroxyzine,
granisetron/Kytril), or peripheral dopamine receptor blockers (domperidone) can be used to reduce the

adverse effects associated with levodopa use [164]. Off-target effects in both the brain and the periphery
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contribute to these side-effects; delivery to areas of the brain other than the ST, which is thought to be the
basis for the occurrence of neuropsychiatric adverse effects, causes hallucinations and impulse control
disorder.

Unfortunately, levodopa is only effective for a limited period of time, creating what is often
referred to as the “honeymoon period”, and therefore cannot be used long-term. Following the
“honeymoon period” comes motor fluctuations and dyskinesia. Studies have shown that more than 50%
of PD patients develop motor complications and/or dyskinesia after only 4 years of levodopa treatment
(400 mg/day), and almost all patients experience dyskinesia following long-term treatment [167, 168].
Although men may exhibit more severe motor dysfunction, women are known to develop more
dyskinesias [32,54,55]. This short window of effectiveness has led to controversy over both the
appropriate time to initiate levodopa treatment and the proper dosage. It has been suggested that levodopa
treatment should not be introduced until more severe stages of disease, as it does not slow disease
progression. Use of other dopamine agonists, like pramipexole, can be used in clinical settings to lower
the likelihood of dyskinesia presentation, but are only appropriate in mild cases, as they are unable to
control severe motor disturbances [169].

An alternative to pharmaceutical treatment is deep brain stimulation (DBS), or the direct
electrostimulation of the subthalamic nucleus (STN) or the globus pallidus internus (GPi). This treatment
decreases the hyperactivity in these regions caused by loss of DA in the midbrain, and can therefore
reduce the motor symptoms associated with PD. This therapy has its own challenges; it is highly invasive
in nature, is not a viable option for many PD patients, does not address all motor symptoms, can induce
adverse side effects such as aggravating gait freezing and worsening of verbal fluency, and speech is
often not improved [170-174]. Optimal candidates for DBS are idiopathic PD patients, with motor
fluctuations and levodopa induced dyskinesias; a patient’s response to levodopa is the best outcome

predictor [175].
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14 Aging

Agingis defined as the inevitable process of gradual physiological deterioration experienced by
all organisms with time, which increases the risk for disease and death [176, 177]. The rate of
deterioration is incredibly complex, as it is dependent upon the species, cell or tissue, and physiological
context of the particular organism. Biologically, aging is characterized by molecular changes and damage
which leads to structural and functional deviances in cells and tissues, including loss of mitochondrial
homeostasis, impaired intercellular communication, senescence, inflammation, and decreased
regenerative capacity. Considering this, it is not surprising that age is the greatest risk factor for
neurodegenerative disease.

Between 2020 and 2050, the population of people aged 60 years and over is expected to double,
from approximately 1 billion to 2.1 billion; by 2030, it is expected that 1 in every 6 people worldwide will
be aged 60 years or over. Similarly, the number of persons aged 80 years or older is expected to triple
between 2020 and 2050, reaching an estimated 426 million [178].

By the third decade of life, core cognitive abilities, including processing speed, reasoning,
episodic memory, and spatial visualization, begin to decline and consistently drop over a lifetime, at
different rates between individuals. Certain skills, called “fluid skills”, tend to decline first. These include
processing speed, memory, and reasoning, all of which involve integrating new information and problem
solving. Alternatively, skills that are overlearned, practiced, and enhanced by experience, called
“crystallized skills”, tend to remain intact, including vocabulary and fund of knowledge [179]. These
changes are likely mediated by gradual decline in cerebral gray matter volume, especially in the frontal

and parietal lobes [179].

15 Neuropathologies Common to Age and Neurodegenerative Disease

1.5.1 Glia

1.5.1.1 Microglia
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Microglia are the resident immune cells of the brain, which encompass 5 — 12% of cells,
depending upon the brain region [180]. CD45c-kit* erythromyeloid precursors derived from the
embryonic yolk sac travel via the circulation and colonize the brain [181, 182]. Formation of microglia
from erythromyeloid progenitors is dependent on the transcription factors Irf8- and Pu.1 (but not Myb,
Id2, Batf3, and Kl1f4), as well as the presence of cell survival factor (CSF) 1-receptor (CSF1-R) signaling
and its ligand, interleukin-34 (IL-34) [183-185]. Microglial colonization can be influenced by fibronectin,
macrophage migration inhibitory factor (MIF), and CXCL12 [184]. Following colonization, microglia
proliferate during the first 2 postnatal weeks, then decline by approximately 50% to adult levels between
the third and sixth postnatal weeks [186].

Although microglia share similar functions to macrophages, single-cell RNA-sequencing has
revealed that microglia are molecularly distinct from perivascular, meningeal, and choroid plexus
macrophages [187]. The ability of microglia to self-renew establishes them as a unique population within
the brain [188]. These cells have the longest lifespan of any documented immune cell, renewing at a
median rate of 28% per year, with populations surviving on average 4.2 years in humans [189].

Microglial colonization, function, and morphology differ in a sex- and brain region-dependent
manner throughout the lifespan of the organism. Early in postnatal development, murine males have more
microglia in the parietal cortex and amygdala, as well as the CA1, CA3, and dentate gyrus of the
hippocampus [190]. During adolescence and adulthood, females have more microglia in these brain
regions [190]. In the rat hippocampus, female microglia have a more activated or amoeboid morphology
and greater phagocytic capacity, with higher expression of several phagocytic pathway genes, than males
[191]. Microglia also demonstrate different secretory and molecular phenotypes upon stimulation in male
versus female cells; ex vivo microglia from male mice upregulate pro-inflammatory IL-1p upon
stimulation with LPS compared to females [192].

In addition to quantitative differences based on sex, microglia are not uniformly distributed
throughout the brain. More microglia are found in the gray matter compared to white matter, especially in

the hippocampus, olfactory telencephalon, basal ganglia, and SN [180]. It is possible that the increased
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quantity of microglia in these regions contribute to their susceptibility to neurodegeneration. Fiber tracts,
cerebellum, and brainstem have the fewest microglia, whereas the cerebral cortex, thalamus and

hypothalamus have average cell densities [180]. Resting morphology is also brain region-dependent.
Microglia in the cerebellum and brain stem are less complex than microglia in the hippocampus, frontal
cortex, and ST, which is sustained even following stimulation [193, 194]. Altogether, these sex- and brain

region-differences may shape microglial responses to neurotoxicants and infectious agents.

1.5.1.1.1 Homeostatic Functions of Microglia

As their status as resident macrophage establishes, microglia execute key immune functions in the
CNS. They perform immunological surveillance by using their ramified processes to detect and eliminate
pathogens, debris, and other neurotoxic proteins. The primary receptors involved in this function are toll-
like receptors (TLRs), which recognize pathogen associated molecular patterns (PAMPs), and major
histocompatibility complex II (MHCII) receptors, like other professional antigen-presenting immune cells
[195]. Through these receptors, microglia can recognize microbial and viral antigens.

Other homeostatic roles include maintaining and forming neurons. Microglia can induce
differentiation of oligodendrocyte progenitor cells to promote myelinogenesis [196, 197]. Increasing
evidence indicates that microglia also stimulate neurogenesis; microglial contact promotes the formation
and elongation of neuronal spines. As such, depleting microglia during key developmental timepoints
decreases spine formation in the motor cortex [198]. This glial cell is also involved in synapse remodeling
and maturation by secreting brain-derived neurotrophic factor (BDNF), glycine, and L-serine. It was
reported that microglia can reduce high levels of neuronal activity be selective synaptic pruning, which
prevents excitotoxicity [199, 200]. Under pathologic conditions, microglia activate into neuroprotective

and neurotoxic phenotypes, depending on the stimulus.
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1.5.1.1.2 Microglial Responses to Disease, Infection, and Age

Neuroprotective or anti-inflammatory microglia are produced in response to stress and damage,
promoting neurogenesis, phagocytosing debris, and reducing inflammatory signaling in the brain [201].
However, during cellular stress, infection, orinjury, microglia can polarize into a neurotoxic phenotype
that is commonly associated with chronic disease states. These activated microglia are often called
disease-associated microglia (DAM), and typically form ameboid-like cells with retracted processes [202,
203]. Reactive microglia activate neuroinflammatory signaling pathways, notably the nuclear factor
kappa B (NF-kB) and mitogen-activated protein kinase (MAPK) signaling cascades, as well as increase
their capacity for migration and phagocytosis [204, 205]. Prolonged microglial activation, which
promotes neuroinflammation, can cause damage to neurons [206].

In both the aged and diseased brain, microglia have dystrophic morphology, reduced normal
functioning, and increased susceptibility to producing pro-inflammatory mediators. Aged microglia
typically have cell body hypertrophy and fewer branched dendritic arbors, yet reduced capacity for
migration and immunological surveillance [207, 208]. To compensate for this decrease in function,
microglial populations are often increased in the aged brain, but this typically does not confer greater
protection. As microglial populations increase with age, so do the proportion of dysmorphic cells [207,
209]. In addition to their inability to detect and react to ligands, their capacity to physically degrade them
is also affected by age. Aged microglial lysosomes often become overburdened by debris and neurotoxic
proteins, which leads to cellular disfunction [210]. Other aspects of homeostatic functioning are altered
with age, including the ability of microglia to produce molecules that aid in oligodendrocyte progenitor
cell (OPC) differentiation [211]. Most notably, aged microglia continuously secrete pro-inflammatory
cytokines, including tumor necrosis factor (TNF), interleukin-1f (IL-1), and interleukin-6 (IL-6), even in
their resting or inactive state, resulting in excessive neuronal damage [208,212 2011]. This may be due to
chronic upregulation of NF-kB signaling or leakage of lysosomal proteases that stimulate
neuroinflammation [213].

Importantly, microglia can become more sensitive towards forming pro-inflammatory states in
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response to stimuli, called priming, which results in exacerbated neuroinflammatory damage. Priming
occurs when the cells are repeatedly introduced to stress, such as infectious agents and neurotoxicants; it
is often intensified by co-morbidities, disease, and age. Age, especially, is considered a contributing
factor, as the shift towards a more inflammatory brain may sensitize glia to form exaggerated responses in
the presence of stimuli. This alteration to microglia is likely a result of repeated stress, which may be
encountered throughout the lifespan, which weakens immunoregulatory mechanisms, thus lowering the
threshold required for cellular activation [209]. For example, ex vivo data demonstrates that following
LPS exposure, aged microglia are primed toward exacerbated secretion of pro-inflammatory cytokines
and upregulate MHCII [214]. While these priming events may seem miniscule, they can actually lead to
profound deficits to neuronal function in the already delicate aged brain, which may permanently alter

cognition and memory.

1.5.1.2 Astrocytes

Astrocytes are the most abundant cell type in the CNS. They are generated from neural stem cells,
or radial glia (RG), in the ventricular—subventricular zone (V-SVZ). RG, derived from the
neuroepithelium, are the primary cell type implicated in glial production, beginning at embryonic day 18
[215]. After birth, RG cells are reduced, and astrocytes generated between postnatal day 0 — 14 come
from SVZ progenitors in the ventricular and subventricular zones that migrate to the white matter and
cerebral cortex. Glil * progenitors in the SVZ generate half of the total cortical astrocyte population. Once
established in the cortex, mature astrocytes proliferate, substantially increasing during the first postnatal
weeks; in the outer cortical layers, proliferating astrocytes contribute to nearly half of astrocyte
populations. Astrocytes are incredibly complex in morphology, and their intricacy and volume increases
from postnatal day 7 to 21 [216]. Protoplasmic astrocytes have a soma, 4—10 major branches emanating
from the soma, and thousands of branchlets and leaflets, which are higher order structures that lie close to

synapses; Approximately 90 — 95% of an astrocyte’s area is composed of the branches, branchlets, and

leaflets.

37



Similar to microglia, astrocytes display brain region-dependent differences. The cerebral cortex is
composed of 6 layers, and astrocytes in cortical layers 2 and 3 have greater process arborization and come
in contact with more synapses than the cells in layer 6. Astrocytes in the cerebellum actually ensheath
almost all of the synapses present, whereas the cells in cortex and hippocampus approximately 50%
[217]. Astrocytes in males produce more pro-inflammatory molecules, including IL6, TNF, and IL1j,
following exposure to LPS compared to those in females. Androgenized females also show an

exacerbated response, indicating that testosterone may contribute to these responses [218].

1.5.1.2.1 Homeostatic Functions of Astrocytes

The primary role of astrocytes is to stimulate neurons, remove neurotransmitters from the
synaptic cleft,and modulate ion and metabolite concentrations, altogether contributing to proper CNS
function [209]. These cells are also critical for synapse formation and maintenance due to the presence of
astrocyte-derived molecules [219-221]. Astrocytes contribute to a glutamate-glutamine cycle, where they
remove glutamate from the synaptic cleft through GLT-1 and GLAST transporters, converting it to
glutamine via glutamine synthetase. The glutamine produced by astrocytes is essential for active
neurotransmission by excitatory neurons [222]. Perhaps one of the most significant functions of the
astrocyte is that of blood-brain barrier (BBB) formation and maintenance, which regulates cellular and
biomolecular traffic into and out of the brain. At the end of astrocyte processes are what is referred to as
“endfeet”, which physically contact the vasculature and contain transporters that aid in molecular
diffusion. Importantly, astrocytes secrete factors that stimulate endothelial cell junctions and BBB

impermeability [223, 224].

1.5.1.2.2 Astrocyte Responses to Disease, Infection, and Age
Following stress, astrocytes activate into neurotoxic or neuroprotective phenotypes, similar to
microglia. Although restricted compared to their glial counterpart, astrocytes constitutively express some

TLRs and PRRs, in addition to cytokine and chemokine receptors that upon stimulation, polarize the cells
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[225,226]. While often regarded as damaging, reactive astrocytes can display protective functions by
increasing phagocytic activity; reactive astrocytes upregulate expression of MHC and aid microglia in the
clearing of pathogens, debris, and protein aggregates [209, 227, 228]. Despite this role, activated
astrocytes also secrete pro-inflammatory mediators that can be damaging to neurons over time.

Astrocytes in the aged and diseased brain retain activated morphologies, with cell body
hypertrophy and increased complexity of their processes, and upregulate glial fibrillary acidic protein
(GFAP) [229, 230]. These changes typically occur in the hypothalamus and hippocampus with age, which
may explain why certain anatomical regions are more susceptible to damage and neurodegenerative
disease [231]. Aged astrocytes upregulate pro-inflammatory cytokines and complement proteins that
facilitate protective misfolded protein removal, but also synapse engulfment and neuronal disfunction
[231-233].

Microglia and astrocytes interact with one another through secretion of cytokines and
chemokines, initiating either cellular recruitment or reducing glial activation; through activation of
interleukin-10receptors (IL-10R), astrocytes can attenuate microglial activation. With age, astrocytes
decrease IL-10R expression and become desensitized to IL-10, promoting microglial activation and,
subsequently, a pro-inflammatory brain phenotype [234,235]. In addition to altered communication with
microglia, aged astrocyte processes do not properly come in contact with vessels and reduce expression of
proteins in their endfeet, like aquaporin-4 (AQP4), which affects ion concentrations in the brain [236,
237]. Therefore, astrocytes have been implicated in mediating BBB dysfunction, which is commonly
associated with age-related neurological diseases and neurodegeneration. This could allow infectious

agents and toxic biomolecules to enter the brain [238].

1.5.2 Protein Misfolding and Aggregation
Proteins are formed through a process of transcription and translation; DNA sequences are
transcribed into coding mRINA sequences, which are translated by ribosomes into the protein’s primary

structure, the amino acid chain. Amino acids within the chain carry inherent charges, neutral, positive, or
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negative, which help predict the 3-dimensional (3D) structure of the protein. Anfinsen's thermodynamic
principle has been used to explain how proteins fold; proteins maintain the structure that minimizes the
total free energy of the system. It is hypothesized that proteins rapidly change conformation from their
high-energy, unfolded structure towards its lowest-energy, folded structure (Figure 3). Based on this
hypothesis, there are many high-energy conformations that, at random, form intramolecular contacts that
alter their structure incrementally downhill in energy until reaching the most favorable conformation, in
which there are few low-energy, native-like conformations [239]. Despite sequencing their amino acid
compositions, it has been increasingly difficult to predict protein structure; one possible explanation is
that there may not be one ideal protein conformation, but instead multiple allosteric variations that are
equally thermodynamically optimal. We see this in substrate-induced enzyme changes and hormone

ligand-induced modifications of steroid and peptide hormone receptors [240].

Figure 3: Thermodynamics of Protein Folding. Adapted from Dill and MacCallum [239].

Many forces contribute to protein folding and stability, including van der Waals interactions,
backbone angle preferences, electrostatic interactions, hydrophobic interactions, and hydrogen bonding

[239]. Hydrogen bonds formed between amino acids within the chain create the secondary structure of the
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protein, or its composition of a-helices and B-sheets [241]. The protein then folds into its tertiary structure
based on hydrophobic interactions, where nonpolar amino acids are at the interior core of the protein and
polar amino acids are exposed. Other interactions, such as close-range van der Waals interactions,
preferred angling of neighboring backbone bond orientations, electrostatic interactions based on amino
acid charges, and chain entropy maintain the stability of the native conformation. It is the final 3D
structure that is the primary determinant of a protein’s biological function [242].

Due to the complexity of the cellular environment, and the efficiency necessary for cellular
function, many proteins require molecular chaperones to effectively fold. A chaperone is any protein that
interacts with, stabilizes, or aids a protein into its native conformation, without being present in its final
structure [243]. These helpers perform many functions within the cell, including promoting protein
folding by pushing kinetically trapped conformations past free-energy barriers and binding to
hydrophobic regions to prevent multi-protein aggregation [243]. In addition to the aforementioned
interactions, post-translational modifications (PTM) aid in forming a protein’s 3D structure. There are
more than 400 possible PTMs, which can be categorized into three groups: adding a chemical, complex
group, or polypeptide to a target residue. The most common PTMs are phosphorylation, methylation,
acetylation, and ubiquitylation [244].

While the cell utilizes multiple systems to ensure accuracy during the incredibly complex process
of folding proteins, it is highly unlikely that misfolding, where a protein with a conformation different
than its native form is created, never occurs. Misfolding can happen due to somatic mutations in the gene
sequence, errors with either transcription or translation, malfunction of folding and chaperone machinery,
mistakes in PTM, errant trafficking of proteins, environmental changes or toxicity, and seeding
mechanisms by existing misfolded proteins [245]. To address the creation of misfolded conformations,
cells contain degradation systems that effectively identify and remove non-functional proteins. There are
two primary pathways, the ubiquitin-proteosome pathway and the autophagy-lysosomal pathway, that are
constitutively involved in proteostasis. Typically, smaller proteins are degraded by proteasomes, whereas

lysosomes are responsible for the degradation of larger, long-lived proteins.
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Removal of damaged or non-functional proteins via the proteosome occurs by first covalently
attaching multiple ubiquitin molecules to the protein, which is then recognized and degraded by the
cytoplasmic, 26S proteasome complex [246]. Proteins must be unfolded during this process, via the
regulatory cap of the complex and chaperone proteins, which makes degradation of large aggregates
difficult, if not impossible [247]. Alternatively, larger misfolded proteins are primarily degraded via
autophagy; cytoplasmic proteins are trafficked by macroautophagy, chaperone-mediated autophagy, and
microautophagy. Macroautophagy, which is a constitutive pathway regulated by mammalian target of
rapamycin (mTOR), encapsulates proteins into autophagosomes that fuse with a lysosome for degradation
[247]. Chaperone-mediated autophagy uses cytosolic Hsc70, a chaperone, to identify and bind to KFERQ
(Lys-Phe-Glu-Arg-Gln) sequences, which are present in approximately one-third of soluble cytosolic
proteins but only become exposed in misfolded conformations. The protein is then unfolded and
translocated from the cytosol into the lysosome for degradation [247, 248]. Microautophagy is not well-
characterized in mammals, but likely involves cytosolic sequestration by the lysosomal membrane [248].
Misfolded proteins localized to the plasma membrane catalyze ubiquitination by CHIP (C- terminus of
Hsp70 interacting protein) ubiquitin ligase, resulting in endocytosis and lysosomal trafficking of the
protein for degradation [247, 249]. At the termination of these processes, lysosomes, which have the
capacity to degrade misfolded and even aggregated proteins, degrade the proteins through a process of
acidification and protease activation [250].

When these systems can no longer recognize and degrade misfolded proteins, due to disrupted
proteostatic mechanisms or protein overload, aggregates form that are not cleared effectively. It was
previously assumed that misfolding of specific proteins result in unique pathologies that are directly
implicated in one neurodegenerative disease. It is now understood that neurodegenerative diseases share
misfolded protein pathologies, but they are regionally distinct and facilitate disease in different ways, as

detailed below.
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1.5.2.1 Amyloid beta

First identified in 1984, B-amyloid (Ap) is a protein found in the extracellular space or associated
with the plasma membrane of neurons. This protein is derived from the amyloid precursor protein (APP).
Mature APP, located at the plasma membrane, is created through a process of sequential proteolytic
cleavages. First, APP is cleaved at residue Lys688 by a-secretase, then at the N-terminal of the AB
domain (residue Asp672 or Glu682) by B-secretase to create soluble APPB (sAPPB) and membrane-bound
APP-CTF (C99). The C99 protein is further cleaved by y-secretase to generate AP peptides of various
sizes, between 37 and 43 amino acids long [251]. In the normal brain, it is estimated that 80 — 90% of AB
is 40 amino acids long (AB;4¢); the 42 amino acid peptide (AP;.42) is considered the pathogenic or
neurotoxic form, as it is more hydrophobic and, therefore, more prone to aggregation [252]. AP, is the
major pathologic component of amyloid plaques, although A, 4; has also been identified. The complete
physiological function of Ap hasnot yet been elucidated, but cumulative evidence demonstrates its role in
neurogenesis, synaptic function, angiogenesis, antimicrobial responses, memory formation and cognition,
metal sequestration, and antioxidant activity [253].

AP progressively aggregates, beginning as amyloid monomers which form oligomers, then into
insoluble fibrils, and finally into insoluble plaques. All types of cerebral, nonvascular AB deposits are
typically referred to as "senile plaques" regardless of their morphology. Cumulative evidence
demonstrates that oligomers may be more neurotoxic than fibrils or plaques, as they elicit abnormalities in
neuronal function. Oligomers have been associated with synaptic dysfunction, reduced dendritic spine
density, impaired cognition, and memory deficits [254-257]. More specifically, AP is toxic to neurons by
causing pore formation that results in ion leakage, disrupting the balance of calcium within the cell,
causing oxidative stress and loss of membrane potential. This promotes apoptosis and inflammation. A
is also indirectly toxic by altering kinase activity, hyperphosphorylating tau proteins and contributing to
tangle formation [252]. The propagation of AP, based on current evidence, occurs when the pathogenic

protein induces misfolding of native AP. It is less understood, however, how AP is spread to nearby
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neurons and brain regions. Multiple hypotheses have been generated, including extracellular spread to
nearby cells or transsynaptic intracellular spread in connected cells.

The ‘amyloid hypothesis’ argues that A deposition initiates AD pathogenesis based on the
following observations: 1. A is a major component of the amyloid plaques 2. AP aggregation can
precede neurodegeneration by decades, and 3. A peptides, particularly AP 443, induce neuronal death in
vitro [84, 252]. Unfortunately, AP deposits are not necessarily indicative of disease, and have been
identified in a number of cognitively normal individuals. The anatomical distribution of deposits do
differ, where people diagnosed with AD demonstrate AP deposits in the midbrain, brain stem, and
cerebellum, but cognitively normal individuals typically show deposits in the cerebral cortex, basal

ganglia, thalamus, and hypothalamus [258].

1.5.2.2 Tau

Tau, the major proteinaceous component of tauopathies, has been identified most notably in AD
and PD, but also in progressive supranuclear palsy and corticobasal degeneration. This protein, which is
encoded by the microtubule-associated protein tau (MAPT) gene, is primarily located in neurons, but is
also present at low levels in glia. There are six isoforms of tau, which differ depending on the number of
29-residue near-amino-terminal inserts and range from 352 to 441 amino acid residues total [259]. These
isoforms are generated by alternative splicing of exon 2 (E2), exon 3 (E3), and exon 10 (E10) [260].
Structurally, tau is a natively unfolded protein with a “paperclip-like” conformation, which makes it
highly flexible [259].

Neurons are morphologically complex, forming processes called axons and dendrites that are
critical for proper transmission. In fact, 99% of the cytoplasmic volume of the entire neuron is localized
to the axon [261]. The structure and function of these processes rely on the cytoskeleton, which is
composed of microtubules, microfilaments, and intermediate filaments. Microtubules are highly dynamic
and must become stabilized during the formation of axons and dendrites [262]. Microtubule-associated

proteins (MAPs), one of which being tau, stabilize microtubule bundles by regulating their assembly and
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organization, although the exact mechanism is unclear [259]. Some evidence actually contradicts this role,
instead postulating that tau is localized to the labile domain of microtubules, not the stable domain, and
promotes instability. This hypothesis states that tau supports microtubule assembly/lengthening by
limiting the binding of stabilizers, like microtubule associated protein 6 (MAP6) [263]. Regardless, tau is
known to be localized to axons and plays a substantial role in microtubule assembly [264]. In addition to
this role as a cytoskeletal stabilizer (or disruptor, depending on the source), tau has also been implicated
in stabilizing DNA by binding to various chromosomal regions, regulating axonal transport by preventing
binding of kinesin and dynein to microtubules, and mediating synaptic function [265].

Tau can become phosphorylated, the most common PTM, at 85 known putative sites: 45 serine
(Ser) residues, 35 threonine (Thr) residues, and 5 tyrosine (Tyr) residues. This modification allows the tau
protein to perform different functions depending on the which epitope is phosphorylated. For example, in
vitro experiments demonstrate that phosphorylation of tau at Ser262/356 is required for the development
of cell processes, while phosphorylation of Ser/Thr-Proline motifs inhibit the production of cell
extensions [266]. In fact, some residues are phosphorylated in order to decrease tau’s affinity for
microtubules, therefore allowing for plasticity of microtubules for neurite growth [267]. While
phosphorylation has necessary physiological function, it also comes with pathological implications.
Under disease conditions, tau is hyperphosphorylated, likely caused by imbalanced kinase and
phosphatase activity. In adults, tau contains on average two phosphates per molecule, but phosphorylation
is increased in pathological states to approximately eight phosphates per protein [268]. This modification
decreases tau’s affinity for microtubules, detaching it and destabilizing neuronal cytoskeletons. This
reduces the physiological function of the protein, which can be damaging to neurons.

Pathogenic tau is altered both post-translationally and conformationally, allowing it to not only
lose function, but become prone to aggregation. Tau monomers interact via disulfide bonding or
hexapeptide motifs, conformationally changing into -sheet-rich, sphere-shaped oligomers ranging in size
from 6 to 20 nm [265]. It is likely that detachment of tau from microtubules creates a pool of free tau that

enhances its assembly into oligomers [269]. The presence of tau oligomers in human brain samples are 4—
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fold higher in those diagnosed with AD compared to control tissue [270]. Clinical data also shows that the
onset of AD symptoms correlates to elevated amounts of oligomeric tau [271]. Following
oligomerization, tau further aggregates into protofibrils, fibrils, and, finally, into neurofibrillary tangles
(NFTs). Phosphorylation at Thr231, Ser396, and Ser422 especially promotes self-aggregation of tau into
filaments [272].

It is likely that the direct pathogenesis caused by misfolded tau is caused by both the
consequences of loss of normal function and toxic gains of function. Whether the reduction in functional
tau alone is sufficient to cause microtubule destabilization is under some debate; tau deficiency does not
prevent the formation of neurites in vitro, nor produce major cytoskeletal abnormalities in vivo, likely due
to compensatory functions by microtubule-associated proteins. This does not mean loss of functional tau
is not detrimental to the cell, as overt breakdown of the microtubule system may not be required to cause
neuronal injury; transport and function can still be altered without changes in microtubule morphology
[269]. Certain phosphorylation sites are more strongly correlated with microtubule destabilization,
including phosphorylation at Ser262, Ser293, Ser324 and Ser356, located at the four microtubule binding
repeats. Phosphorylation at Thr214, Thr231 and Ser235 may also contribute to the dissociation of tau
from microtubules.

Historically, NFTs were considered the primary driver of neuropathology , but deficits preceding
the formation of advanced aggregates suggest that soluble tau in the form of monomers or oligomers may
be the most neurotoxic form of the protein [270]. This is demonstrated by numerous studies identifying
neuronal loss, synaptic changes, mitochondrial dysfunction, and behavior deficits in vivo caused by tau
oligomers, but not fibrils [270]. It is even possible that forming NFTs is actually a neuroprotective
mechanism, as it allows the cell to sequester neurotoxic forms of tau [273]. Regardless, there is some data
showing that the presence of an NFT is detrimental to the cell, and that the number of NFTs in the
neocortex of AD patients positively correlates with the severity of cognitive decline [274]. NFTs can act
as physical barriers in the cytoplasm, compromising cellular functions by displacing cytoplasmic

organelles from their usual location and decreasing the number of normal organelles [275]. It must also be
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considered, however, that tau does not readily aggregate, especially in experimental models, even in
transgenic mice overexpressing wild-type human tau. Perhaps the lack of evidence on the
neurodegenerative effects of NFTs are due, in part, to the difficulty in reproducing them in a laboratory
setting. In addition to direct mechanisms, misfolded tau can also stimulate glial responses and
neuroinflammatory signaling which can be chronically damaging. Neurons with tau inclusions
abnormally expose phosphatidylserine on their plasma membranes, which can be recognized by
microglia. In response, microglia initiate phagocytic responses, degrading neurons [276].

As detailed above, tau (and other misfolded proteins) is normally a substrate of chaperone
mediated autophagy, but monomers can also act as proteasomal substrates because they are relatively
small, cytosolic proteins [277]. There are interruptions with both processes of protein elimination. During
autophagy, hyperphosphorylated tau, with altered conformation, is cleaved by cathepsin D, which
generates a fragment that is unable to cross the lysosomal membrane [248]. Not only does this perpetuate
the presence of misfolded proteins, but it also globally reduces autophagy within the cell. In addition,
proteases that normally degrade tau, like thrombin, calpain, and caspase, which are increased with age
and disease, generate potentially neurotoxic byproducts. Proteolytically generated fragments of tau have
greater propensity to aggregate compared to full-length proteins, and often can due to inefficient
clearance mechanisms [277].

In contradiction to data indicating that AP spreads by extracellular, proximity -based diffusion,
current evidence postulates that pathologic spread of tau occurs in neuroanatomically connected brain
areas. Seeds of misfolded tau oligomers, but not fibrils, from a “donor cell” are released and taken up by
endocytosis by a “recipient cell” where endogenous tau is recruited into pathologic forms [271]. Release
of tau into the extracellular space can occur following cell death, neuronal stimulation, secretory
lysosomes, or microvesicle shedding from the plasma membrane [278]. Following this concept, tau may
be able to translocate between synaptically connected neurons, likely from the entorhinal cortex to the
hippocampus, then to the limbic and association cortex. Where pathogenic tau is located in the brain helps

account for variability of clinical symptoms and cognition between patients.
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1.5.2.3 Alpha Synuclein

Alpha synuclein (a-Syn) is a small, 140-amino-acid protein that is mainly associated with the
CNS, but has also been identified throughout the body in non-neuronal tissues. It is highly abundant in the
brain and accounts for as much as 1% of the total protein in soluble cytosolic brain fractions. The protein,
which is encoded by the SNCA gene, has several isoforms resulting from alternative splicing, including
shorter peptides, but the 140-amino-acid protein is the major variant [279]. Its physiological function is
not completely understood, but a-Syn is associated with presynaptic signaling and membrane trafficking
via vesicular transport, as it is localized to the pre-synaptic terminal. It is also found throughout the cell,
in the nucleus, mitochondria, and endolysosome, which suggests additional roles of the protein [280-283].

The protein is intrinsically disordered with three primary components: an amphipathic N-terminal
region (amino acids 1 — 60) that anchors the protein to cell membranes where it adopts partial a-helix
conformation, a hydrophobic non-amyloid component (NAC) region (AA 61 — 95), and an unorganized
C-terminal domain (96 — 140). The polar C-terminal domain contains most of the post-translational
modifications of a-Syn, mediating the proteins interaction with other proteins, ligands, and metals; it has
been suggested that increased negative amino acid residue content reduces protein aggregation [279]. The
NAC has been most closely associated with misfolding and aggregation [284]. This hydrophobic region is

prone to intermolecular interactions, which allows it to adopt numerous conformations, promoting

aggregation of soluble a.-synuclein monomers into insoluble oligomers and, following the formation of
highly ordered B-sheets, fibrils. Neurotoxicants, genetic mutations, and protein modifications (including
phosphorylation, ubiquitination, nitration, and truncation) contribute to the misfolding of a-Syn into
oligomers and fibrils [279]. The protein is usually a substrate of chaperone mediated autophagy, but
misfolded a-Syn is unable to cross the lysosomal membrane. This results in not only persistence of the
pathogenic a.-Syn protein, but also decreased identification and removal of other proteins by this system,
as the a.-synuclein remains tightly bound to Hsc70 and prevents translocation into lysosomes. Not only

can pathogenic a-Syn cause this, but overexpression of a.-Syn in general can hinder protein degradation
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through this pathway.

It is widely accepted in the field that o.-Syn fibrils are the primary component of Lewy bodies,
which are inclusions found within the cytoplasm of DAn; there can be multiple inclusions within one
neuron [285, 286]. There is debate, however, what form of misfolded a-Syn is the most toxic, and its
exact mechanism of toxicity. Murine models of a-Syn knockout demonstrate normal neuronal architecture
compared to wildtype controls, but there were alterations in dopaminergic signaling in the nigrostriatal
pathway, which suggests that pathogenesis of misfolded protein is due to both a gain of toxic function and
loss of its normal function [287]. Aggregated protein can cause mechanical distortion of cellular
compartments. Fibrils can also induce misfolding of other a-Syn proteins within the cell, propagating the
formation of neurotoxic proteins that can spread in a prion-like manner between cells and anatomical

regions. Misfolded a-Syn is primarily correlated with PD, but cytoplasmic accumulation has also been

identified in AD.

1.5.3 The Blood-Brain Barrier
1.5.3.1 Normal Blood-Brain Barrier Function

Neuronal function and communication, using a combination of chemical and electrical signals,
within the CNS is a delicate process; neurons are extremely sensitive to disrupted ion levels and
neurotoxicants. Additionally, the adult CNS has little regenerative capacity in response to damage; fully
differentiated neurons are not able to divide and replicate normally. To address these requirements, the
brain forms the blood-brain barrier (BBB), which utilizes a combination of physical, enzymatic, and
transport barriers. The BBB has numerous functions, the most well-known is preventing infiltration of
proteins, immune cells, and neurotoxicants from the blood into the brain parenchyma. While oxygen can
rapidly diffuse into the brain, and carbon dioxide out, the BBB prevents many macromolecules, like
albumin, pro-thrombin and plasminogen, from infiltrating; this is important because plasma has much
higher protein content than CSF. If these proteins infiltrate the parenchyma, it can result in cellular

activation and glial inflammation which, eventually, results in cell death [288, 289]. Large proteins that
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need to cross the BBB, like glucose, amino acids, insulin, leptin, and iron transferrin, enter through
carrier-mediated transporters or receptor-mediated endocytosis [290,291]. In addition to macromolecules,
the BBB functions to protect the brain from neurotoxic substances that may be circulating in the blood,
such as endogenous metabolites, xenobiotics, or environmental contaminants. Other functions of the BBB
include ion regulation and reducing contamination of neurotransmitters [289]. Solute concentrations differ
in the plasma and CSF. Therefore, the BBB contains specific ion channels and transporters which allows
for maintenance of optimal ion concentrations in the brain, especially that of potassium, Ca®*, Mg**, and
pH. The BBB minimizes ‘cross-talk’ of neurotransmitters in the peripheral and central nervous systems.
This is important because excitatory NTs, like glutamate which is found in high concentrations in the
blood, could enter the brain and induce excitotoxicity of neurons.

Transport across the BBB occurs through passive diffusion, active efflux, carrier mediated
transport, receptor-mediated transport, and adsorptive mediated transport. Passive diffusion allows small
(<400 Da), lipophilic molecules forming <8 hydrogen bonds to readily cross through the BBB and enter
the brain; the more lipid soluble, the more rapidly a solute can enter into the CNS. It is likely this process
occurs through small, transitory pores within the phospholipid bilayer [290]. Active efflux occurs via
ATP-binding cassette proteins located on the luminal, endothelial plasma membrane of the BBB. These
highly expressed, ATP-driven proteins pump xenobiotics and endogenous metabolites [290]. Polar
molecules, like glucose and amino acids, do not readily enter the brain; therefore, carriers are used.
Carrier mediated transport (CMT) involves membrane-bound proteins that facilitate the transport of
amino acids, carbohydrates, monocarboxylic acids, fatty acids, hormones, nucleotides, organic anions,
amines, choline, and vitamins [290]. Similarly, molecules that cannot be transported via CMT, likely due
to the presence of peptide bonds, use receptor mediated transport. Molecules include neuroactive
peptides, regulatory proteins, hormones, and growth factors [290].

The neurovascular unit (NVU), or the components involved in regulating BBB function, are
composed of three primary cellular elements: endothelial cells (ECs), astrocyte endfeet, and pericytes

(PCs) (Figure 4). In addition to these cells are multiple layers, the luminal membrane, endothelial layer,

50



abluminal membrane, and basement membrane (Figure 4). The ECs in the brain, which are connected to
the basement membrane by integrins, are phenotypically different from those in the periphery; they have a
flattened appearance, few caveolae at their surface, and are mitochondria rich [290]. ECs in the brain have
reduced endocytosis/transcytosis activity than cells in the periphery, contributing to a ‘transport-barrier’
property. Most notable is the formation of tight junctions (TJs) and adherens junctions (AJs) between
cerebral endothelial cells, which forms a ‘physical-barrier’ that blocks substances in the blood from
entering the brain. AJs are composed primarily of cadherin proteins, as well as alpha-actinin and vinculin,
that span the intercellular cleft and are connected intracellularly by alpha, beta, and gamma catenin. AJs
hold endothelial cells together, providing structural support that is essential for the formation of TJs.

Unlike cellular junctions located throughout the periphery, TJs in the brain are more restrictive
[292]. During development, vessels gradually became impermeable in a brain region-dependent manner
[293]. TJs are complex cell-cell adhesion complexes involving proteins that span the intercellular cleft.
These proteins primarily consist of claudins, occludin, and junctional adhesion molecules (JAMs);
claudins are the most abundant proteins found in TJs and have the greatest cell-adhesion activity [294,
295]. There are approximately 20 known isoforms of claudin (claudin 1-20), which are actually
considered the “gatekeepers of neurological function” [296]. Overexpression of claudins in fibroblast
cultures, which typically lack TJs, induces tight junction-like networks [297, 298]. Additionally,
overexpression, knockdown/knockout, and mutations of claudin alters paracellular permeability [299].
Murine models lacking claudin V have a compromised BBB, allowing small molecular weight molecules
to enter the brain [300].

Similar to claudins, occludin connects intracellularly to the scaffolding proteins ZO-1, ZO-2,ZO-
3, and cingulin. This 65 kDa protein is important for BBB function but not necessarily structure and
assembly, as occludin deficiency does not prevent TJ formation [301]. Select junctional adhesion
molecules (JAM), which are 40 kDa proteins, are expressed in the brain; JAM-1 and JAM-3 are
expressed, but not JAM-2 [302]. Studies also show their role in cell-to-cell adhesion and cellular

migration across the BBB, but its function is not entirely understood [290]. In addition to TJs, the
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production of intracellular and extracellular enzymes at the BBB creates an ‘enzymatic-’ or 'metabolic-

barrier' that breaks down peptides and inactivates certain compounds [303].

Lumen

Figure 4: Cellular and Proteinaceous Components of the Blood-Brain Barrier. Adapted from Kadry

et al [290].

Although they do not directly function within the BBB, astrocyte processes ensheath vessels to
maintain ion concentrations and induce barrier tightness. It is believed that even though these cells differ
morphologically in a brain region-dependent manner, approximately 99 % of astrocytes in the gray matter
(exceptin the hippocampus) come in contact with at least one vessel, but usually three, as defined by
vessel density [304]. Endfeet cover 70—100% of arterioles, capillaries, and venules in the brain; the size of
these endfeet positively correlate with the size of the vessel it comes into contact with [305, 306]. Perhaps
the most important function of astrocytes in the neurovascular unit is their ability to induce BBB
properties in endothelial cells [307, 308].

Similar to astrocytes, pericytes are a cell that project elongated processes that ensheath vessels, as
much as 37% of the endothelial layer [309]. While an essential constituent of the brain, pericytes do not
directly form barriers. Instead, they maintain BBB integrity and permeability, regulate cerebral blood
flow, aid in angiogenesis, clear toxic cellular byproducts, improve microvascular stability, and mediate
attachment of astrocytic endfeet [310, 311]. Their contractile nature allows them to help control capillary

diameter, as capillaries lack smooth muscle to do so themselves, which regulates cerebral blood flow
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[312, 313]. Pericytes are attached to the basement membrane by integrins, as are ECs. The close
proximity of ECs and pericytes allows intercellular transfer of nutrients, metabolites, secondary
messengers, and ions [310]. Although not as significant as the role of the astrocyte, pericytes also
contribute to endothelial BBB-specific gene and protein expression profiles, specifically by upregulating

CD71 expression [311].

1.5.3.2 Blood-Brain Barrier Dysfunction and Contribution to Disease

Loss of BBB function has been identified in numerous neurological events, including
stroke, multiple sclerosis, epilepsy, AD, and PD. Barrier dysfunction can range from mild leakage to
massive breakdown, which can be transient or chronic changes. During BBB breakdown, disruption of
TJs typically occurs, but degradation of the basement membrane, glial activation, and enzymatic loss can
also cause physical breakdown of the BBB [314]. In addition to being degraded with disease, the BBB is
altered with age, with reduced expression of proteins comprising TJs [209]. These alterations allow
infiltration of proteins, immune cells, and neurotoxicants into the brain, contributing to
neuroinflammatory signaling and neurodegeneration.

Post-mortem studies of patients diagnosed with AD show accumulation of immunoglobulins,
albumin, fibrinogen, and prothrombin in the hippocampus and cortex, as well as microhemorrhages [315-
317]. Similarly, microbleeding can be observed by magnetic resonance imaging (MRI), indicating BBB
leakage [318]. Such evidence is strengthened by data demonstrating thinning of the microvascular
basement membrane, altered endothelial morphology in blood vessels, and reduced pericyte coverage in
key areas involved in AD [319, 320]. Although it is unclear if BBB dysfunction causes AD pathology, or
if it is simply a consequence of pathology, it is obvious that the two are intertwined.

In particular, pericytes have been implicated in disease and loss of BBB function. Pericyte
degeneration is documented with age and in AD, dementia, amyotrophic lateral sclerosis (ALS), and
stroke [290, 321]. Pericyte deficiency increases BBB permeability to low and high molecular weight

molecules, leading to accumulation of serum proteins and neurotoxic macromolecules [311, 322].
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Pericyte-deficient mice demonstrate neuronal loss in the cortex and hippocampus, learning and memory
impairment, and neuroinflammation, highlighting their important role [322]. Expanding upon this,
pericyte deficiency in AD models (APP overexpressing transgenic mice) exacerbates brain Af levels, tau
pathology, neuronal loss, and cognition decline [323].

Similarly, astrocytes have been heavily implicated in BBB dysfunction. Ablating astrocyte
endfeet usually leads to rapid re-covering, but if this does not occur BBB damage often occurs; the ability
of astrocytes to replace their endfeet is often reduced with age [223, 237]. These findings highlight the
importance of astrocyte endfeet for brain function. In models of experimental allergic encephalomyelitis
(EAE), loss of tight junctions, which is associated with glia mediated neuroinflammation, reduces the

functional capacity of the BBB [324].

1.6 Impact and Summary

It is vital that resources be appropriately allocated to the most fragile populations, including the
elderly and those at increased risk of disease. TB is a considered a disease of poverty; 87% of cases reside
in 30 high-burden countries, which are predominantly low- and middle-income countries. The incidence
of TB, progression of disease, and high mortality rates are heavily associated with socio-economic
factors. These include social factors, including living and working conditions, overcrowding,
malnutrition, co-morbidities and co-infection, and social habits like high alcohol consumption. For
example, when comparing TB burden, childhood TB rates are substantially higherin low socio-economic
cities, like Cape Town, compared to high socio-economic cities, like New York and London [325].
Additionally, the primary known cause of the rising incidence of drug resistance is due to inadequate
treatment regimens and high rates of non-compliance by patients. The main barriers to TB treatment
adherence are related to a lack of social support, food security, income security, knowledge, and

proximity to treatment centers and diagnostic resources [326,327]. Hence, every aspect of eradication of
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TB, which is entirely dependent upon reduced transmission and proper treatment, is increasingly difficult
considering how entangled the disease is to prevailing socio-economic deficits [328].

Elderly patients are another vulnerable population, which is increasing due, in part, to availability of
healthcare and disease-preventing services that have improved life expectancy. With these impending
population changes, it is critical that we obtain a better understanding of age-related pathologies. Age is
the greatest risk factor for the formation and progression of neurological disease. The elderly are also
prone to being immunocompromised and malnourished, which increases their vulnerability to infectious
agents and causes them to progress into more severe disease states, such as sepsis.

Millions of dollars and countless hours have been spent trying to understand the mechanistic
intricacies of neurodegenerative disease, and the possible ways we can treat them. Yet, we are no closer to
a complete understanding of disease processes, nor a cure. This is likely because neurodegenerative
diseases are highly complex, and the aged brain, which is already more fragile due to low-level, sustained
neuroinflammation mediated by glia, is prone to excessive damage if exposed to known (or perhaps
unknown) stressors. The combined effects of multiple etiological factors, including environmental
contaminants and infectious agents, may push the brain into a state of neurodegenerative disease. It is
estimated, based on detectible antibodies in sera, that the average person has been exposed to 10 different
viral species in their lifetime [329]. This estimation does not account for additional infections by bacteria,
or the effects of potential compounding factors that may place a person at increased risk of infection.
Therefore, investigative focus on the perhaps unknown contributors to neurological disease, better models
that allow for more accurate laboratory study, and investigation into improved therapeutics should be

implemented, as highlighted below.
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CHAPTER 2

GLIOSIS, MISFOLDED PROTEIN AGGREGATION, AND NEURONAL LOSS IN A GUINEA PIG

MODEL OF PULMONARY TUBERCULOSIS

Latham A, et al. Gliosis, misfolded protein aggregation, and neuronal loss in a guinea pig model of
pulmonary tuberculosis. Front Neurosci. 2023 May 19;17:1157652. doi: 10.3389/fnins.2023.1157652.
PMID: 37274195; PMCID: PMC10235533.

2.1 INTRODUCTION

Tuberculosis (TB), resulting from aerosol infection by Mycobacterium tuberculosis (Mtb), is the
thirteenth leading cause of death across the globe and the second leading cause of death due to an
infectious agent [8]. TB is an ongoing global crisis; there are an estimated 10 million active cases of
disease and 1.5 million deaths each year worldwide [330, 331]. The COVID-19 pandemic has
exacerbated the problem, with increased incidence of TB cases that have gone undiagnosed and untreated
[332-335]. Eradication of the disease is difficult; the bacteria are transmitted primarily through respiratory
droplets from patients with active disease, and treatment requires a lengthy, intensive antibiotic regimen.
Mtb primarily infects the pulmonary system, although it can also disseminate to other tissues, including
the central nervous system (CNS) in rare cases. The immune response to Mtb is characterized by a
massive influx of immune cells in an attempt to control infection, primarily macrophages and CD4* T
cells, followed by an overwhelming production of cytokines and chemokines, namely tumor necrosis
factor (TNF) and interferon-gamma (IFNy) [336-338].

Mtb infection has been widely researched, and the pulmonary immune response is well -
documented, however, there is a gap in knowledge on how TB affects the CNS. Current research on the

neurological impact of TB disease utilizes either in vitro experimentation or in vivo methods involving
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direct intracerebral injection of Mtb, excessive bacterial aerosol exposures, or models of tuberculosis
meningitis (TBM) [339-355]. TBM is a progressive form of the disease where bacteria cross the blood—
brain barrier (BBB) and cause inflammation of the meninges. Although these methods elucidate important
findings related to mechanisms of neuronal infection and neuroinflammatory signaling in direct response
to the bacteria, these studies do not translate to clinical settings. Diagnoses of TBM are rare,
encompassing less than 2% of TB cases [356]. Physical brain infection or high bacterial inoculum models
are ineffective representations of most disease cases, where infection occurs due to inhalation of a few
aerosolized bacilli. Therefore, knowledge of the neurological changes that occur in response to solely
peripheral infection is needed.

Epidemiologic studies show that patients with TB, without a diagnosis of TBM, are at an
increased risk for Parkinson’s Disease (PD) and dementia [161, 357, 358]. Additionally, TB patients
demonstrate decreased performance on evaluations of memory, cognition, and neuropsychological
functioning [46]. It is also shown that patients who are co-infected with Human Immunodeficiency Virus
(HIV) and pulmonary TB have decreased neuropsychological functioning and are three times more likely
to experience cognitive impairment compared to uninfected patients, and nearly twice as likely as those
who have HIV alone [359]. Such data demonstrate substantial risk for CNS-related symptoms associated
with TB, despite Mtb rarely penetrating the brain. Accordingly, the permanent neurological implications
of peripheral TB, independent of CNS infection, must not be overlooked.

Studies of other peripheral infections and diseases show evidence of a connection between CNS
health and systemic inflammation. Patients with rheumatoid arthritis, a chronic inflammatory disease of
the joints, have increased depression and anxiety, cognition decline, and markers of neuroinflammation
compared to healthy individuals [360-362]. In another study, repeated systemic bacterial infection
activated native microglia and increased synthesis of pro-inflammatory cytokines, including interleukin-
1B (IL-1B), TNF, and interleukin-12 (IL-12). This occurred even after the infection was resolved [363].

Additional evidence in murine models of colitis demonstrates an altered expression of inflammatory
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modulators, including cyclo-oxygenase 2 (COX-2) and glial fibrillary acidic protein (GFAP), in the brain
[364]. Moreover, peripheral inflammation is known to exacerbate symptoms of PD in both human
patients and animal models, cause glial reactivity, and increases the synthesis of IL-1f in the prion-
diseased brain [365-369]. Similar findings are found in models of Alzheimer’s Disease (AD), where
infection worsens cognitive decline and induces reactive glia [370-372]. Research has also revealed a
correlation between neurological state and peripheral inflammation; patients diagnosed with major
depressive disorder have markedly increased peripheral blood levels of pro-inflammatory cytokines,
including TNF, and interleukin-6 (IL-6) [373, 374]. These findings prove a relationship between systemic
disease and health status of the CNS, further establishing the need for research on the neurological
changes attributed to TB.

With 1.7 billion people infected worldwide, it is pertinent that we better understand the effects of
TB on the brain to limit CNS damage and permanent neurological deficits in patients [9]. Although there
are studies showing the long-term cognitive effects associated with Mtb infection, they are limited to
cross-sectional designs and do not fully characterize neuropathology or evaluate the mechanism behind
their findings. Here, we will assess TB-associated cognitive impairments and behavioral changes in an
established low-dose aerosol guinea pig model of TB disease. We correlate these deficits to signs of
neurotoxicity throughout the progression of disease; these include biomarkers of glial inflammation and
neurodegeneration.

Glial reactivity is a universal characteristic of neuroinflammation and neurodegeneration,
irrespective of the particular disease state [375]. Inflammation of the brain, or gliosis, is caused by
phenotypically pro-inflammatory glial cells, including astrocytes and microglia. Although glia perform
critical homeostatic functions in the brain, such as forming the BBB, maintaining synaptic
neurotransmitters, regulating synaptogenesis, neuronal pruning, and immunological surveillance, they can
also contribute to neuropathogenesis [376, 377]. Activation and proliferation of glial cells by

inflammatory signals and microbial components results in neurotoxic phenotypes. Neurotoxic microglia
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are more amoeboid, allowing for increased migration through dense parenchyma and produce pro -
inflammatory molecules [378-380]. Liddelow et al. established that microglia release interleukin-1a (Il-
la), TNF, and complement component 1q (C1q) upon activation, all of which play a crucial role in
inducing neurotoxic astrocytes [381]. Alternatively, activated astrocytes are more ramified, increasing
contact with blood vessels and nearby cells, and upregulate expression of proteins such as GFAP [382,
383]. Although the critical role microglia play in astrocytic polarization has been confirmed, additional
research shows that low-level, early activation of astrocytes mediates microglial reactivity, which
propagates the cycle of gliosis. Astrocytes promote microglial activation through the production of C-X-C
motif chemokine ligand 10 (CXCL10), lipocalin-2 (Lcn2), and complement 3 (C3), as seen in models of
stroke and epilepsy [384, 385]. This early astrocytic role may be understated, despite these cells
comprising 60—70% of the total cellsin the brain and that their contact with the microvasculature allows
them to function as a first responder during altered brain states.

Glial inflammation and reactivity are determined not only by transcriptional expression and
morphology, but also through quantity, proliferative state, and location within brain regions [386].
Upregulation of S100 calcium-binding protein B (S1008) and GFAP indicate astrocyte activation.
Together, this glial polarization results in the release of reactive oxygen species (ROS) and nitric oxide
(NO), contributing to oxidative stress in neurons, and pro-inflammatory mediators [387, 388]. Chronic
neuroinflammation disrupts synaptic function and causes irreversible damage to neurons, ultimately
leading to the degeneration and death of these essential cells [389].

Gliosis contributes to the misfolding of proteins, resulting in oligomers that form stable, insoluble
aggregations. These aggregates are characteristic biomarkers of neurodegenerative diseases, including
AD, PD, and dementia. One such protein is microtubule associated protein tau (Tau), which becomes
phosphorylated in its misfolded form (pTau). Tau is normally involved in microtubule stabilization during
axonal transport, and plays a role in DNA stabilization and synaptic functioning [259]. Phosphorylated

residues have been identified and correlated to early and late stages of disease, and can aggregate into
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toxic neurofibrillary tangles. Similarly, amyloid B is another physiologically relevant protein that is
thought to play a role in neuroprotection from viral and bacterial pathogens. Due to improper cleavage
events of the amyloid precursor protein (APP) by the gamma-lyase protease, the amyloid 3, 4, protein can
accumulate into extraneuronal plaques [390]. Another misfolded protein of interest in PD pathology is
alpha-synuclein, which is found in phosphorylated and aggregated forms. The formation and
accumulation of these proteins propagate increased misfolding [391, 392]. This occurs, in part, due to the
amplified production of enzymes and the native proteins themselves, to overcompensate for the loss of
function. Misfolded proteins spread in a “prion-like” manner throughout various regions of the brain. This
spread occurs through a cycle of intracellular formation and secretion followed by transcellular uptake by
nearby cells [392, 393]. Ultimately, the formation of these misfolded oligomers and aggregates results in
reduced activity and survival of neurons, due to impaired physiological functioning by the proteins [394].
Aggregates also exacerbate neuroinflammatory signaling events, which leads to endoplasmic reticulum
stress and translational inhibition, which further contributes to neuropathogenesis [394, 395].

In our study, animals are infected by low-dose aerosol of Mtb, similar to the natural route of
infection in humans. Here, we demonstrate that this guinea pig model of Mtb exposure shows cognition
and behavior changes that cannot be attributed to bacterial dissemination to the brain. Further, we
characterize the induction and proliferation of pro-inflammatory glia throughout the progression of
disease in multiple brain regions vital to physiological function, sensation, and cognition. Finally, we
show neurodegenerative biomarkers and neuronal loss in animals. Although further investigation is
necessary to fully elucidate the mechanism of neuropathogenesis, our data illuminate fundamental

neurological changes in a rodent model that supports published epidemiological data.

2.2 METHODS

2.2.1 Animals and Sample Collection
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Experiments consisted of 2- to 4-week-old, female, outbred Dunkin—Hartley guinea pigs (Elm
Hill, USA). They were housed in a biosafety level 3 laboratory at the Colorado State University
Laboratory Animal Resources facility accredited by the American Association for Accreditation of
Laboratory Animal Care (AAALAC). All experimental animals were pair housed under constant
temperature and humidity conditions (21°+ 2°Ctemperature and 30 = 5% humidity). A 12-h light/12-h
dark cycle was used, and animals had ad libitum access to food and water. Animals were monitored using
a clinical scoring system for signs of morbidity and weighed weekly by laboratory staff for the duration of
the experimental period. All animal experiments were performed in accordance with the National
Research Council’s Guide for the Care and Use of Laboratory Animals and were approved by the

Institutional Animal Care and Usage Committee (IACUC) at Colorado State University.

At the time of euthanasia, guinea pigs were administered 50 mg/kg of ketamine and 5 mg/kg of
xylazine via intramuscular injection for anesthetic induction. Under terminal anesthesia, blood was
collected, and then guinea pigs were euthanized by intraperitoneal overdose of pentobarbital. Tissues
were collected for histopathology by fixing in 4% paraformaldehyde or 10% buffered formalin, or stored

at —80°C for subsequent homogenization and quantification of Mtb.

2.2.2 Mtb Aerosol Exposure

Culture stocks of Mycobacterium tuberculosis (Mtb) strain H37Rv (TMC #102, Trudeau
Institute) were collected at an OD600 nm between 0.8 and 1.0, and frozen at —80°C in Proskauer-Beck
liquid medium containing 0.05% Tween-80. Titer was determined and bacteria were diluted in sterile
water to 1 x 10°colony-forming units (CFU)/mL. Animals were exposed to a low- dose of Mtb by
aerosol, calibrated to deliver 20—50 bacilli per animal. Approximately 20 CFU of Mtb were delivered by
aerosol to each animal with the Glas-Col Airborne whole-body exposure apparatus. Guinea pigs were

exposed over the course of 2 days. Each run contained a single guinea pig for euthanasia and necropsy
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24 hours after exposure to confirm Mtb low-dose delivery to the lungs. Uninfected animals were exposed

to sterile water using the same procedure in the Glas-Col device.

2.2.3 Behavioral Testing

In order to minimize stress caused by the tests and discourage freeze behavior, all animals were
handled daily 2 week prior to testing and throughout the duration of the experiments. Two total tests were
performed: the Novel Object Recognition (NOR) Test and open field test. Tests were performed on
randomized days, between 10 am and 7 pm, once every 2 weeks throughout the experimental period.
Testing occurred under dim light in the same room as the animals were housed, separated by plastic
drapes, to eliminate unnecessary stress caused by transfer to an alternate testing room. The researcher
remained outside the testing room while trials occurred, and a white noise machine was used to alleviate
the effects of background noise. Each test wasrecorded using a mounted GoPro HERO 5 and analyzed;
behavior was scored blind to the treatment groups. All objects and chambers were thoroughly cleaned
using Quatricide (diluted 1:64 in H,O; Pharmacal, Cat #: 65020F) followed by 70% EtOH between

animals and decontaminated using Accel TB Disinfectant between groups.

2.2.3.1 Novel object recognition test

The Novel Object Recognition (NOR) Test is used to assess non-spatial, hippocampal, long- and
short-term memory in animal models. Prior to testing, the guinea pigs were habituated to the chamber for
5 min per animal. The test consists of two periods: an acquisition phase and a testing phase. During the
acquisition phase, the animals were placed in a chamber (24 inches x 24 inches x 18 inches) made of
black acrylic with two of the exact same objects (A,A’) for ten min to familiarize themselves with them.
Six hours later, the guinea pigs were placed in the same chamber with one of the same objects (A) from
the acquisition period and one completely new object (B) for 5 min; animals were recorded for the
entirety of the testing phase. The objects, approximately two inches wide by three inches tall, were

constructed with Legos of various colors and shapes. They were placed approximately six inches apart in
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the apparatus. Data analysis was manually performed blind to the treatment groups by laboratory
personnel. Time exploring the novel (b) and familiar (a) objects during the testing phase was determined,
which only included direct contact the animal had with the object. This included, but was not limited to,
biting, sniffing, or climbing on the object; any time the animal was not directly engaging with the object,
such as standing near it, was excluded from the exploration time for that object. Total exploration time (e)
was calculated by finding the sum of the exploration time for the familiar object (a) and novel object (b)
(a+Db). The absolute discrimination measure was calculated by subtracting the familiar object exploration
time (a) from the novel object exploration time (b) (b — a). The discrimination index is evaluated as the
novel object exploration time (b) minus the familiar object exploration time (a) divided by total
exploration time (e) [(b— a)/e]. A positive discrimination index value means the animal spent more time
exploring the unfamiliar object, which indicates that it remembers seeing the familiar object and has no
memory loss or an intact long-term memory. Alternatively, a negative discrimination index means the

animal spent more time exploring the familiar object and is indicative of non-spatial memory loss.

2.2.3.2 Open Field Test

Overall movement, locomotor activity, and anxiety-like behavior were determined using the open
field test. The open field apparatus consisted of a square open field (24 inches x 24 inches x 18 inches)
constructed of black acrylic. Twenty-four hours prior to testing, the guinea pigs were habituated to the
chamber for 5 minutes per animal. Each guinea pig was taken from its home cage, placed into the center
of the apparatus, and allowed to explore freely for a period of 5 minutes; animals were recorded for the
entirety of the testing period. Video data were analyzed with Toxtrac [396]. Time spent in the interior

portion of the apparatus is a standard way of identifying anxiety in animal models.

2.2.4 Bacterial Burden/CFU Counts

For confirmation of bacterial enumeration at 24 hours and quantification of bacterial

dissemination at each timepoint, lung, spleen, and brain were collected, weighed, and homogenized in
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PBS. Total liquid homogenate was diluted 1:10 and serial dilutions of tissue homogenate were performed
in PBS and plated on nutrient 7H11 agar. Plates were incubated for 3—6 weeks at 37°C, CFU were

counted, and CFU’s per gram of tissue were calculated.

2.2.5 Tissue Processing for Histopathology

Brains and visceral organs were extirpated en bloc and fixed whole in 10% buffered formalin or
4% paraformaldehyde at room temperature for at least 48 h. Tissues were processed using a Leica TP1020
Automatic Benchtop Tissue Processor and embedded in paraffin wax (Cancer Diagnostics, Cat #:
EEPARS6). They were then sectioned on a Thermo Scientific HM 325-2 Manual Microtome at 5 pm
thickness and mounted on positively charged glass slides (Superfrost Plus, Cancer Diagnostics, Cat #:
4951) for staining and analysis. One whole-tissue section per animal was stained with hematoxylin and

eosin (H&E) for determination of morphological and histopathological changes.

2.2.6 Immunohistochemistry

Whole brain sections were stained for markers of gliosis and neurodegeneration. Tissue sections
were deparaffinized in xylene and rehydrated through graded ethanol, followed by chemical and heat
induced antigen retrieval using 0.01 M sodium citrate (pH 6.0) or EDTA buffer (1 mM EDTA disodium
salt dihydrate, 0.05% Tween; pH 8.0) for 20 min at 100°C. This was followed by removal of
endoperoxides by 0.3% hydrogen peroxide for 30 min at room temperature. Tissue was permeabilized
[0.1% Triton-Xin 1 M Tris Buffered Saline (TBS)] and blocking was performed in 10% goat, donkey, or
horse serum diluted in 1 M TBS. Primary antibodies were diluted to their optimized concentrations in 1 M
TBS and incubated on the tissue at 4°C overnight. A goat anti-ionized calcium binding adaptor molecule
1 (Ibal) antibody (1:400; Abcam, Cat #: ab5076) was used to identify microglia. A rabbit anti-S100
calcium-binding protein B (S100p) antibody (1:750; Abcam, Cat #: ab41548) was used for astrocyte
identification. Amyloid  was identified using an anti-beta Amyloid; 4, antibody (1:250; Invitrogen, Cat

#: 44-344). Identification of phosphorylated tau was performed using the following antibodies: anti-
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phospho-Tau (Ser404) (1:400; Cell Signaling, Cat #: 35834 ), anti-phospho-Tau-T217 (1:200; ABclonal,
Cat#: AP1233), and anti-phospho-Tau (Thr181) (1:800; Invitrogen, Cat #: MN1050). Neurons were
identified using an anti-neuronal nuclei (NeuN) antibody (1:500; Cell Signaling, Cat #: 24307). Wash
steps were performed using 2% bovine serum albumin and 2% Triton-X in 1 M TBS. An ABC HRP
peroxidase detection kit (Vector Laboratories, Cat #: pk-4,000) and InmPACT DAB Substrate,
Peroxidase (HRP) Kit (Vector Laboratories, Cat #: sk-4,105) was used as chromogen and slides were
counterstained with hematoxylin (Thermo Fisher Scientific, Cat #: 7231) and bluing solution (Cancer
Diagnostics, Cat #: FX2107). All slides for each antigen of interest received the same immunoreaction
period, which were visualized by a single pathologist in a blinded fashion. Slides were secured with a
coverslip in mounting medium and stored at room temperature until imaging. Whole tissue images were
taken using an Olympus BX53 microscope with an Olympus DP70 camera using an Olympus
UPlanSApo 20x objective (N.A. =0.75). Representative images were taken using an Olympus BX53

microscope with an Olympus DP70 camera using an Olympus UPlanFL N 40x objective (N.A. =0.75).

2.2.7 Immunofluorescence

Paraffin embedded brain sections were deparaffinized in xylene and rehydrated through graded
ethanol, followed by chemical and heat induced antigen retrieval using EDTA buffer (1 mM EDTA
disodium salt dihydrate, 0.05% Tween; pH 8.0) for 20 min at 100°C. This was followed by
permeabilization using 0.01% Triton X diluted in 1 M TBS. Blocking was performed with 2% donkey
and goat serum diluted in 1 M TBS. Sections were stained for microglia using a goat anti-ionized calcium
binding adaptor molecule 1 (Iba-1) antibody (1:50; Abcam, Cat #: ab5076) and a donkey anti-goat Alexa
Fluor 555 secondary antibody (1:500; Invitrogen, Cat #: A21432). Astrocyte stains used a mouse anti-
S100 calcium-binding protein B (S100B) (1:750; Abcam, Cat #: ab212816) with a goat anti-mouse Alexa
Fluor 555 secondary antibody (1:500; Invitrogen, Cat#: A21422) and a rabbit anti-glial fibrillary acidic
protein (GFAP) (1:250; Dako, Cat #: Z0334) with a donkey anti-rabbit Alexa Fluor 647 secondary

antibody (1:500; Invitrogen, Cat #: A31573). Following DAPI (Sigma), slides were mounted on glass
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coverslips in ProLong Gold Antifade mounting medium (ThermoScientific), fixed for 24 h at room
temperature, and then stored at 4°C until imaging. Representative images were captured using an
Olympus BX63 fluorescence microscope equipped with a motorized stage and Hamamatsu ORCA-flash
4.0 LT CCD camera using a 40x Olympus X-Apochromat air objective air objective (N.A. =0.80). All

slides quantified were imaged on the same day with the same exposure per channel.

2.2.8 Cellular quantifications

Whole-slide images of brain tissue stained for Iba-1 and S100 by immunohistochemistry were
analyzed. Regions of interest were manually drawn for each brain region and number of positive cells was
quantified using manual thresholding on the Count and Measure function of Olympus CellSens software
(v1.18). Whole-slide images of brain tissue stained for GFAP by immunofluorescence was also analyzed.
Regions of interest were manually drawn for each brain region, and mean gray intensity of GFAP
expression for each ROI was determined using manual thresholding on the Count and Measure function
of Olympus CellSens software (v1.18). Percent total expression or cell number was calculated for each
protein of interest by determining the minimum (min) and maximum (max) quantifications for the data
set. Each raw quantification (raw) for that brain region received the following calculation: [(raw —
min)/(max — min)*100]. Slides stained for NeuN were imaged at 40x magnification (3—4 images per

hippocampal region), and manually counted by a blinded scientist.

2.2.9 Pathological scoring

Whole slides stained for Amyloid B, 4 and phosphorylated tau were independently scored, in a
blinded fashion, by three researchers. Positive immunohistochemical staining in the hippocampus and
brain stem was designated a score between 0 and 5 based on the following factors: number of positive
cells, amount of extracellular protein accumulation, and intensity of expression. A higher score equates to

worse pathology. The mean of the three scores for each animal was calculated and represented.
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2.2.10 Statistical analysis

All data were presented as mean +/— SEM. A ROUT (Q = 1%) outlier test was performed on all
data to identify potential outliers, which were removed from the data set. Differences between
experimental groups were analyzed using either an unpaired t-test with Welch’s post hoc correction or a
one-way ANOV A with Tukey’s post hoc test. Statistical analysis was performed using Prism. Fit spline
analysis was performed on glial data (200 segment output, 4—5 knots). Significance is denoted as

*=p <0.05, %% =p <0.01, *** = p <0.001, and **** = p <0.0001.

2.3 RESULTS
2.3.1 Low-dose aerosol with Mtb H37Rv failed to disseminate to the brain of guinea pigs.
Histopathology and colony-forming unit (CFU) assays were used to determine infection of
peripheral organs and the brain in animals at 60 and 90 days post-infection (dpi). Lung, spleen, and brain
tissue were collected from Dunkin-Hartley guinea pigs uninfected or infected with aerosolized Mtb
H37Rv. Paraffin-embedded tissue sections were stained with hematoxylin and eosin (H&E) and
examined. Representative hippocampal sections show no characteristic granulomatous inflammation, with
an absence of cellular infiltration and microvascular abnormalities, in any of the animals infected for 60
and 90 days post-infection, similar to healthy tissue shown from uninfected animals (Figure SA—C).
Granulomatous lesions were not found in any brain region of all infected animals. H&E of lung from
uninfected animals shows healthy vascular and pulmonary structure (Figure SD). Lung tissue from Mtb-
infected animals reveals granulomas characterized by areas of central necrosis, marked infiltration of
peripheral immune cells, giant cells, and calcification (red arrow) across large areas of the pulmonary
parenchyma (Figure SE and F; between brackets). CFU assays show significant bacterial load in lung and
spleen homogenates of animals infected for 60 and 90 days post-infection, but no colonies were detected
from the brain homogenate of animals at either timepoint, which is indicative that detectable bacteria did

not disseminate to the brain (Figure 5G). The limit of detection for this assay was 2 CFU.
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2.3.2 Memory loss and hyperactivity evident in guinea pigs at 90 days post-infection.

Behavioral tests were performed to determine activity and loss of cognition in animals uninfected
or infected with Mtb throughout the progression of the disease. The open field test was used to measure
overall activity and mobility in animals. Although a decrease is seen at 30 dpi, Mtb-infected animals show
a significant increase in mobility rate at 45 dpi and 60 dpi, and a trending increase at 75 dpi (Figure 6A,
E, I, and M). A significant increase in distance moved and velocity is also seen at 30 dpi, 45 dpi, and 60
dpi (Figure 6B, C, F, G, J, and K). Animals spent more time in the interior portion of the apparatus at 45
and 60 dpi (Figure 6H and L). There was no difference in mobility rate, distance, velocity, or time spent
in the interior in animals uninfected compared to those infected with Mtb for 75 dpi (Figure 6M-P).
Together, these data suggest anxiety-like behavior associated with disease. The novel object recognition
(NOR) test, which evaluates hippocampal memory, shows a significant decrease in discrimination index
with progressive disease. This is indicative of non-spatial memory loss in infected animals (Figure 6Q

and R).

2.3.3 Glial proliferation with progression of tuberculosis disease in multiple anatomical regions across
the brain.

Brains from guinea pigs infected for 0, 15, 30, 60, and 90 days post-infection with aerosolized
Mtb were analyzed for glial migration and proliferation. Iba-1* microglia as well as S100B* and
GFAP* astrocytes were detected in brain regions critical for motor function, memory and cognition, and
special senses. This included the following anatomical regions: cerebellum, brain stem, somatomotor
cortex, hippocampus, somatosensory cortex, dorsal motor nucleus, visual cortex, and olfactory cortex.
Microglial quantifications in the aforementioned regions, except for the dorsal motor nucleus, show a
significant increase in Iba-1* cells at 30 dpi that decreases back to baseline by 90 dpi (Figure 7F, P, V,
FF, LL, VV;4F, P, V, FF; 5V, FF, LL, VV). The dorsal motor nucleus, where the vagus nerve
innervates the brain, shows an increase in microglia at 60 dpi that decreases by 90 dpi (Figure 9F and P).

Representative images in the cerebellum (Figure 7A—E), brain stem (Figure 7Q-U), somatomotor cortex
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(Figure 7GG—KK), hippocampus (Figure 8A—E), somatosensory cortex (Figure 8Q—U), dorsal motor
nucleus (Figure 9A-E), olfactory cortex (Figure 9Q-U), and visual cortex (Figure 9GG—KK) show
these cellular fluctuations across progressive disease.

Astrocytes in those same brain regions were also quantified. S100B* astrocytes peak at 60 dpi in
the dorsal motor nucleus (Figure 9L and P). A similar finding is seen in other brain regions, except an
increase in cell numberat 15 dpi precedes the 60 dpi peak, in the cerebellum (Figure 7L and P), brain
stem (Figure 7BB and FF), hippocampus (Figure 7L and P), and visual cortex (Figure 9RR and VV).
Little to no change is seen in the somatomotor cortex (Figure 7RR and FF), somatosensory cortex
(Figure 8BB and FF), or olfactory cortex (Figure 9BB and FF). Representative images in the cerebellum
(Figure 7G—K), brain stem (Figure 7W—-AA), somatomotor cortex (Figure 7MM-QQ), hippocampus
(Figure 8 G—K), somatosensory cortex (Figure 8W—-AA), dorsal motor nucleus (Figure 9G-K), olfactory
cortex (Figure SW-AA), and visual cortex (Figure 9MM—QQ) show these cellular fluctuations across
progressive disease. To see if astrogliosis is present in regions without changes in S1008* cell number, or
if glial reactivity progresses past 60 dpi, GFAP expression was quantified at 0, 60, and 90 days post-
infection. Significant increases occur at 90 dpi in the somatomotor cortex (Figure 7UU and VV),
hippocampus (Figure 80 and P), somatosensory cortex (Figure 8EE and FF), and olfactory cortex
(Figure 9EE and FF) with trending increases in brain stem (Figure 7EE and FF) and DMN (Figure 90
and P). Graphical representations show the interaction between glia across the progression of the disease

(Figures 7P, FF, VV; 4P, FF; 5P, FF, VV).

2.3.4 Glial reactivity is sustained as tuberculosis disease progresses.

Brains from animals infected with Mtb for 0, 60, and 90 days were evaluated by
immunofluorescence scanning microscopy for Ibal* microglia and S100B*/GFAP* astrocytes.
Representative images of the eight brain regions stained above are shown, including the cerebellum, brain
stem, somatomotor cortex, hippocampus, somatosensory cortex, dorsal motor nucleus, olfactory cortex,

and visual cortex. Separated and merged channels from each brain region at 0 dpi show ramified
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microglia, or a non-reactive, anti-inflammatory cellular phenotype (Figure 10A, G, M, S, Y, EE, KK,
and QQ). Alternatively, pro-inflammatory microglia with an ameboid-like morphology are seen in all
brain regions in animals 60 days post-infection (Figure 10B, H, N, T, Z, FF, LL, and RR) and 90 days
post-infection (Figure 10C, I, O, U, AA, GG, MM, and SS). Similarly, separated and merged channels
show non-reactive astrocytes, with fewer branches and shortened processes, at 0 dpi (Figure 10D, J, P,
V, BB, HH, NN, and TT) but activated astrocytes, characterized by increased branch density, are found
in all brain regions 60 dpi (Figure 10E, K, Q, W, CC, I1, OO, and UU) and 90 dpi (Figure 10F, L, R,
X, DD, JJ, PP, and VV). Some astrocytes identified in the brains of Mtb-infected animals also come in
contact with nearby cell nuclei (Figure 10E, F, K, L, Q, X, DD, 11, JJ, OO, PP, UU, and VV). The data

establish that glial cells sustain neurotoxic phenotypes throughout the course of tuberculosis disease.

2.3.5 Amyloid beta aggregation presents in guinea pigs at 90 days post-infection with Mtb.
Amyloidosis was determined in guinea pigs infected with Mtb for 90 days. Representative images
of intracellular amyloid B; 4, in the hippocampus (Figure 11A and B) and brain stem (Figure 11D and E)
are shown. Additionally, representative images show extracellular aggregates identified in the brain stem
of animals 90 dpi that are absent in uninfected animals (Figure 11G-I). Pathological scoring indicates
amyloid B, gaccumulation was significantly increased in both brain regions in animals 90 dpi compared

to uninfected controls (Figure 11C and F).

2.3.6 Intracellular accumulation and extracellular tangles of hyperphosphorylated tau in guinea pigs at
90 days post-infection with Mtb.

The presence of the neurodegenerative biomarker phosphorylated and aggregated tau was
evaluated in Mtb-infected guinea pigs. Three different phosphorylation sites of tau (pTau) were analyzed
by immunohistochemistry, including tau phosphorylated at serine 404 (pTau S404), threonine 217 (pTau
T217), and threonine 181 (pTau Th181). Representative images and pathological scoring show no

difference in pTau S404 and pTau T217 in both the hippocampus (Figure 12A—C, G-I) and brain stem
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(Figure 12D-F, J) of animals infected for 90 dpi compared to uninfected controls. There is a significant
increase in the pathological score of pTau Th181 in both brain regions by 90 dpi (Figure 120 and R),
including the formation of fibrils (Figure 12N) and hyperphosphorylated tau tangles (Figure 12Q) that

are absent in uninfected animals (Figure 12M and P).

2.3.7 Neurodegeneration in multiple anatomical regions of the hippocampus in guinea pigs at 90 days
post-infection with Mtb.

Staining was performed to determine neuronal loss and degradation in two relevant anatomical
regions of the hippocampus, the Cornu Ammonis 1 (CA1) and Cornu Ammonis 3 (CA3). Paraffin -
embedded tissue sections were stained with hematoxylin and eosin (H&E) and examined. Representative
brain sections show an increase in the number of pyknotic neurons (identified as shrunken cells with
condensed dark purple chromatin) in both hippocampal regions in guinea pigs infected with Mtb for
90 days (Figure 13A,B, F, and G). Inmunohistochemical staining for the neuronal marker NeuN was
also performed, and representative images are shown (Figure 13C, D, H, and I). Quantifications
demonstrate a significant decrease in the number of NeuN* neurons in the CA1 (Figure 13E) and CA3

(Figure 9J) regions of the hippocampus in Mtb-infected animals compared to uninfected controls.

2.4 DISCUSSION

Pulmonary tuberculosis is associated with cognitive deficits and neurodegenerative disorders,
establishing this infectious disease as an important risk factor for neurological impairment [161, 357-359,
397]. However, the pathology and cellular reactions in the brain associated with this disease are unknown.
Our data are the first, to our knowledge, to fully characterize the cellular changes and etiology of
neuropathology throughout the brain during this progressive inflammatory disease. Additionally, current
experimentation relies on laboratory models and experimental methods that do not translate to clinical
settings, such as the physical injection of bacteria into the brain or the use of Mtb -resistant murine models

[351, 354]. Research that appropriately translates to clinical disease is necessary in order to fully
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understand what is causing neurological detriments and, eventually, provide possible interventions to
prevent them. Guinea pigs are not only susceptible to a variety of Mtb strains but exhibit pulmonary
pathology and cellular immune responses similar to human disease [398-400]. In addition, their
neurologically relevant proteins show a high degree of protein homology to that of humans
(Supplementary Figure S2). Therefore, it is reasonable to infer that our guinea pig model of Mtb
infection by low-dose aerosol closely mimics clinical disease in human patients.

Animals infected by aerosol with approximately 20 CFU of Mtb H37Rv bacteria established

infection of peripheral organs, including the lung and spleen (Figure 5), without signs of morbidity or
mortality or significant weight loss (Supplementary Figure S1). Despite evidence of bacterial
dissemination, no characteristic granulomatous lesions were found in any brain region of the animals, and
CFU assays did not detect bacteria in tissue homogenate (Figure 5). This indicates that the resulting
neuropathogenesis is not a direct response to bacterial infection of the brain, but is instead a reaction to
pulmonary and extrapulmonary disease, as is documented in patients with cognitive deficits that lack
CNSinfection [46, 161, 357-359]. While the CFU assay is the gold standard for quantifying bacterial
load, it is recognized that unculturable or killed bacteria may not be detected by commonly used methods.
Regardless, the absence of granulomatous lesions in the brains of all infected animals suggests that
bacterial dissemination to the CNS did not occur, and it is within reason to consider these data as an effect
of solely peripheral disease.
To determine whether cognition deficits similar to those documented in human patients are seen in our
animal model, behavioral testing was performed on the Mtb-infected guinea pigs. This included the NOR
test, which showed a decrease in hippocampal non-spatial memory, and the open field test, where animals
exhibited anxious behavior, including increased mobility rate, distance moved, velocity, and time spent in
the interior of the chamber (Figure 6). Combined, these data are consistent with clinical research and
suggests damage to the brain that must be further investigated.

Neuroinflammation is an important pathological contributor to brain injury, disease, and

homeostatic dysfunction [375]. Glial cells are critical mediators of this response; thus, the proliferation
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and reactivity of these cells were explored. In the cerebellum, brain stem, hippocampus, and visual cortex,
a trending, although insignificant, increase in astrocyte numberis seen as early as 15 dpi but decreases by
30 dpi in those same brain regions. Subsequently, a significant increase in microglia at 30 days post-
infection in those same brain regions is observed. Similar to other disorders, this indicates that early
activation of astrocytes occurs in the brain which, in turn, plays a role in initiating microglial reactivity
(Figures 7-9) [384, 385].

Following the significant microglial migration and proliferation seen at 30 dpi, there is an
exacerbated astrocytic response at 60 dpi in the cerebellum, brain stem, hippocampus, dorsal motor
nucleus, and visual cortex. This highlights the interplay between these two glial cells, which has been
established, where microglia play a role in astrocytic activation [381]. Even though a change in
S100B*astrocytes is not found in all brain regions, including the somatomotor cortex, somatosensory
cortex, and olfactory cortex, a significant increase in GFAP expression occurs in those regions at 90 dpi.
Though changes in cellular quantifications indicate gliosis, astrocytes also upregulate GFAP when
reactive and during neuroinflammation, supporting findings of astrogliosis in these brain regions [401].
This upregulation in GFAP expression is particularly relevant considering a change in astrocyte cell
number is not seen in all models of neuroinflammation [402]. It must also be considered that glia have
heterogenous roles and density depending on their brain region, making some areas more susceptible to
glial reactivity than others. Cortical and hippocampal regions have high glial density and lower
expression of immune activating genes, whereas the cerebellum and brain stem are less glia rich but
proliferate at high rates [403]. Altogether, these indications of gliosis throughout multiple brain regions,
especially those related to motor function, explain the hyperactivity demonstrated by Mtb-infected
animals during the open field test at the same post-infection timepoints [404]. While common in
neurological research, Iba-1 is not solely a marker of microglia but is also present in macrophages.
Therefore, these data set may also quantify infiltrating macrophages from the peripheral system.
Optimization of antibodies against microglia-specific markers, such as transmembrane protein 119

(TMEM119), in guinea pigs could pose a potential way to address this in future studies. Furthermore,
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evidence reports that oligodendrocytes upregulate S100p protein in response to stress [405-408]. It must
also be considered that cellular quantifications may include oligodendrocytes, but additional GFAP
expression data supplement our discovery of astrogliosis.

To further investigate the glial response to peripheral Mtb infection, morphological changes of
the microglia and astrocytes in numerous brain regions were investigated. Neurotoxic glial phenotypes
correlate to the production of pro-inflammatory molecules and reactive species that can compromise the
brain over time. Astrocytes in guinea pigs 60 and 90 days post-infection appear to have an increased
number and length of cellular protuberances compared to uninfected animals, which distinguishes a pro-
inflammatory phenotype [383]. This change in cell arbor allows for amplified communication with nearby
glia and neurons, as is seen in infected animals, where astrocyte processes come in contact with
neighboring cell nuclei. Additionally, the microglia in these brain regions no longer have a ramified
neuroprotective phenotype. Instead, they demonstrate decreased process length and branching, or an
ameboid-like morphology, with cell body hypertrophy (Figure 10) [379]. Although a decrease in the cell
number of both astrocytes and microglia are seen in the later stages of disease, the cells in those regions
sustain glial reactivity as indicated by their morphology.

Glial priming, especially of microglia, causes these cells to become more sensitive to stimuli and
plays a damaging role during age and in neurodegenerative disease [409]. This is seen in cases of
neuroinflammation, which leads to the priming of microglia that contributes to AD later in life [410]. The
prolonged reactivity of the glia found in the Mtb-infected brain could result in cellular priming that makes
these cells more sensitive to additional stimuli and exacerbates their neurodegenerative effects, increasing
susceptibility to environmental toxicants and age-related neurodegenerative disease later in life.

Aside from neuroinflammation, other mediators of neurodegenerative disease are misfolded
proteins. Found in disorders such as AD, PD, and dementia, these proteins induce inflammatory signaling
and lose their normal, but critical, function in neurons. Two neurotoxic proteins of interest are
phosphorylated tau and amyloid B4,. Intracellular accumulation, as well as extracellular aggregates, of

amyloid B, 4 is identified in Mtb-infected guinea pigs (Figure 11). While the toxic effects of amyloid B
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oligomers and plaques are disputed, it is believed that they are present in the AD brain, establishing their
relevancy to the study of neurodegenerative effects. In addition to amyloid [, tau phosphorylated at three
amino acidsis identified in animals at 90 dpi, which includes serine 404, threonine 217, and threonine
181. Both threonine phosphorylation sites are found in the proline-rich portion of the tau protein, whereas
serine 404 is a component of the C-terminus [411]. Phosphorylation at these sites decreases tubulin
polymerization and microtubule affinity by the tau protein [412, 413]. Expression of only one residue,
pTau Th181, is significantly increased in Mtb-infected guinea pigs, including the formation of
extracellular aggregates; the other two phosphorylation sites have no significant change with exposure
(Figure 12). Studies have shown that aggregation of misfolded proteins results in cellular senescence
[414]. Therefore, although there is no change in the phosphorylation of pTau S404 or pTau T217, the
presence of extracellular tau tangles in infected animals reveals a worsened disease state. Research also
postulates that even though pTau T217 may be a better diagnostic indicator, it is also found in
intermediate to late stages of AD progression. In contrast, pTau Th181 is found in earlier, even pre-
clinical, stages [415, 416]. Thus, increased accumulation of pTau T217 may occur in Mtb-infected guinea
pigs as the disease progresses past 90 dpi. Additionally, misfolded alpha-synuclein, phosphorylated at
serine 129, shows a trending increase in expression in the hippocampus and brain stem. Future
experimentation of the substantia nigra, a critical region for PD neuropathology, is necessary to fully
elucidate these effects (Supplementary Figure S3).

Finally, the effect of the reported neuroinflammation and misfolded protein accumulation on
neurons was determined. Reactive species produced by pro-inflammatory glia reduce neuronal integrity
and ultimately cause the death of these cells [417, 418]. Additionally, misfolded proteins, including
amyloid B and tau, result in loss of function and exacerbate inflammation, which further contributes to
neurodegeneration. Animals infected with Mtb for 90 days show pyknotic neurons, cells characterized by
nuclear condensation caused by necrosis or apoptosis. This is in combination with significant neuronal
loss in two anatomical regions of the hippocampus, the Cornu Ammonis 1 (CA1) and Cornu Ammonis 3

(CA3) (Figure 13). In both regions, the CA1 especially, neurons are involved in forming, consolidating,
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and retrieving memories, which is decreased according to our behavior testing [419]. They are also
implicated in neurodegenerative disease, especially in AD [420-422]. Together, these detrimental
neuronal effects are likely caused by the sustained glial reactivity and presence of aggregated neurotoxic
proteins identified in that brain region (Figures 8, 11, and 12). This cellular clearance and loss of
neuronal function may explain the behavior changes and memory deficits demonstrated by Mtb-infected
animals at 90 dpi (Figure 6). Although NeuN* neurons decreased with infection, the function of NeuN is
not entirely understood. This protein is found in the nucleus and perinuclear cytoplasm of neurons and
plays an undetermined role in genetic regulation [423]. Due to the uncertain function of NeuN, there may
be neuronal disruptions that cannot be identified by immunohistochemical staining for the protein alone.
However, loss of expression combined with morphological identification of pyknotic neurons definitively
identifies degenerating cells.

In conclusion, pathological changes within the brain in a pertinent model of pulmonary
tuberculosis assist in uncovering the cause of the cognitive deficits and neurodegeneration that is evident
in human patients. Although these data play a key role in explaining the neuropathology associated with
the disease, further research is necessary to reveal the mechanistic link between peripheral disease and
neurological deficits. Here, we demonstrate that there is no detectible, replicating bacteria or
granulomatous lesion formation within the brains of these animals, which illuminates an alternative route
of cellular activation and ensuing neurodegeneration that cannot be attributed to Mtb itself. The glial
response in the dorsal motor nucleus of the vagus nerve proposes a possible point of origin (Figure 9),
especially considering the vagus nerve innervates organs affected by TB and is known to trigger
neuroinflammation in response to peripheral stimulation [424, 425]. Additionally, the effects of the
peripheral immune system may also play a pivotal, mechanistic role. Increased evidence indicates that the
blood—brain barrier (BBB)is more permeable to peripheral immune cells, such as T cells, macrophages,
dendritic cells, and B cells, than previously proposed. Due to the intense cellular reaction in the lungs
occurring in response to Mtb infection, it is logical to hypothesize that infiltrating cells may play a role on

the activation of glia in the brain, especially considering increased lymphocytes are seen in other models
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of systemic infection [426,427]. Although continued research is necessary, these data unravel important

pieces of pulmonary TB-associated neuropathology.
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Figure 5. Lesions and bacterial colonies absent in brains of guinea pigs at 60 and 90 days post-infection. H&Es of brain show no lesions
in animals uninfected (A) and infected with Mtb for 60 (B) and 90 days post-infection (dpi) (C). Scale Bar = 50 pm. Lung histology shows
granulomas (black brackets), including necrotic tissue and calcification (red arrow), in animals 60 and 90 dpi with a low-dose of Mtb by
aerosol (E,F) but no granuloma formation is seen in uninfected animals (D). Scale Bar = 100 um. Colony-forming unit (CFU) assays
indicate bacterial dissemination in lung and spleen homogenates, but no bacterial colonies were detected in brain at 60 or 90 dpi with Mtb
(G). The limit of detection for this assay is 2 CFU. Each bar represents the mean + SEM (N = 3-5/group). One-way ANOVA analysis
performed; * p <0.05, ** p <0.01, **** p <0.0001.
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Figure 6. Behavioral deficits detected in guinea pigs at 90 days post-infection. Overall movement and
cognition were evaluated in animals infected with Mtb compared to uninfected controls. The open field
test assessed animal mobility rate, distance moved, velocity, and percent time spent in the interior of the
apparatus over the progression of the disease. At 30 dpi a significant increase in distance and velocity was
seen, although a decrease in mobility rate and time spent in the interior also occurred (A-D). All readouts
increase at 45 dpi (E-H) and 60 dpi (I-L) until 75 dpi, where no statistical difference is seen between
groups (M-P). Overall, these readouts show increased anxiety in infected animals at 45 and 60 dpi.
Representation of the novel object recognition (NOR) test is provided (Q). A significant decrease in
discrimination index (DI) is demonstrated in animals by 90 dpi compared to controls, which is indicative
of non-spatial memory loss. DI = (novel object exploration time — familiar object exploration time)/(total
exploration time) (R). Each bar represents the mean & SEM (N = 3-5/group). Unpaired t-test analysis
performed; *p <0.05, **p <0.01, ***p <0.001, and ****p < 0.0001. Created with BioRender.com.
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Figure 7. Mtb-associated gliosis in brain regions related to motor function. Immunohistochemical and immunofluorescent staining
of guinea pig brain tissue for the microglial marker Iba-1 and astrocytic markers S1003 and GFAP was performed. Glial cells in
brain regions related to motor function were evaluated over the course of infection with aerosolized Mtb. Representative images of
Iba-1* microglia and S100B" astrocytes at 0, 15, 30, 60, and 90 days post-infection (dpi) in the cerebellum (A—E,G—K), brain stem
(Q-U,W-AA), and somatomotor cortex (GG-KK,MM-QQ) are shown. Iba-1" cells significantly peak at 30 days post-infection
then decrease by 60 and 90 dpi in the cerebellum (F), brain stem (V), and somatomotor cortex (LL). S1I008* cell numbers show a
trending increase at 15 and 60 days post-infection in the cerebellum (L) and brain stem (BB). No change in S1008* cells is seen in
the somatomotor cortex (RR). No change in GFAP expression is seen in the cerebellum (O), but a trending increase is found in the
brain stem (EE) and significant increase in somatomotor cortex (UU) at 90 dpi. Graphs are shown to visualize the cellular changes
of both microglia (Iba-1 in red) and astrocytes (S100p in blue and GFAP in green) in relation to one another across the progression
of disease in the cerebellum (P), brain stem (FF), and somatomotor cortex (VV). Each bar represents the mean + SEM (N = 3—
12/group). One-way ANOVA analysis performed; *p < 0.05, **p < 0.01, ***p <0.001, and ****p < 0.0001. Scale Bar = 50 pm.

80




Timepoint (dpi) Timepoint (dpi)
30 60 90

GFAP
— bl
1008

»
3
1

2
1

N

Hippocampus
Expression (%)

e

&

1

2
8
1

T T T T T J
0 15 30 45 60 75 90
‘Timepoint (DPI)

100+ GFAP
— s100p

80 //' \\ — bl

Y e

T T T T T
0 15 30 45 60 75 90
‘Timepoint (DP1)

Expression (%)
3
T

Somatosensory Cortex

Figure 8. Mtb-associated gliosis in brain regions related to memory, cognition, and sensation. Immunohistochemical and
immunofluorescent staining of guinea pig brain tissue for the microglial marker Iba-1 and astrocytic markers S100p and GFAP was
performed. Glial cells in brain regions related to memory and cognition were evaluated over the course of infection with aerosolized Mtb.
Representative images of Iba-1* microglia and S100B* astrocytes at 0, 15, 30, 60, and 90 days post-infection (dpi) in the hippocampus (A—
E,G-K) and somatosensory cortex (Q-U,W—AA) are shown. Iba-17 cells significantly peak at 30 days post-infection then decrease by 60
and 90 dpi in the hippocampus (F) and somatosensory cortex (V). S100B* cell numbers significantly increase at 15- and 60 days post-
infection in the hippocampus (L) but no change is seen in the somatosensory cortex (BB). GFAP expression significantly increases by 90
dpi in both brain regions (O,EE). Graphs are shown to visualize the cellular changes of both microglia (Iba-1 in red) and astrocytes
(S100B in blue and GFAP in green) in relation to one another across the progression of disease in the hippocampus (P) and somatosensory
cortex (FF). Each bar represents the mean = SEM (N = 4—12/group). One-way ANOVA analysis performed; *p < 0.05, **p <0.01, ***p <
0.001, and ****p <0.0001. Scale Bar = 50 pm.
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Figure 9. Mtb-associated gliosis in brain regions related to function. Immunohistochemical and immunofluorescent staining of guinea pig
brain tissue for the microglial marker Iba-1 and astrocytic markers S100p and GFAP was performed. Glial cells in brain regions related to
special senses and parasympathetic function were evaluated over the course of infection with aerosolized Mtb. Representative images of
Iba-1* microglia and S100B* astrocytes at 0, 15, 30, 60, and 90 days post-infection (dpi) in the dorsal motor nucleus (DMN), where the
vagus nerve innervates the brain (A—E,G-K), olfactory cortex (Q-U,W—AA), and visual cortex (GG-KK,MM-QQ) are shown. Iba-1*
cells significantly peak at 30 days post-infection then decrease by 60 and 90 dpi in the olfactory cortex (V) and visual cortex (LL).
Microglia in the dorsal motor nucleus peak later, at 60 dpi, before decreasing (F). S100B* cell numbers do not change in the olfactory
cortex (BB) but a trending increase is seen at 60 dpi in the dorsal motor nucleus (L) and visual cortex (RR). A trending increase in GFAP
expression is found in the DMN (O) and significant increase at 90 dpi in the olfactory cortex (EE). No change in GFAP expression is seen
in the visual cortex (UU). Graphs are shown to visualize the cellular changes of microglia (Iba-1 in red) and astrocytes (S100p in blue and
GFAP in green) in relation to one another across the progression of disease in the DMN (P), olfactory cortex (FF), and visual cortex (VV).
Each bar represents the mean + SEM (N = 3—12/group). One-way ANOVA analysis performed; *p < 0.05, **p <0.01, ***p <0.001, and
*¥¥¥%p <0.0001. Scale Bar = 50 pum.
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Figure 10. Activated glial morphology sustained throughout disease. Immunofluorescent staining of brain tissue was performed for
identification of microglia, using an anti-Iba-1 antibody, and astrocytes, using anti-S100f and anti-GFAP antibodies. Representative
images of cells in uninfected animals show phenotypically inactive microglia with increased branch density in the cerebellum (A), brain
stem (G), somatomotor cortex (M), hippocampus (S), somatosensory cortex (Y), dorsal motor nucleus (EE) olfactory cortex (KK), and
visual cortex (QQ). Microglia in those same brain regions show ameboid-like, reactive microglial phenotypes 60 (B,H,N,T,Z,FF,LL,RR)
and 90 days post-infection (dpi) (C,1,0,U,A,GG,MM,SS). Similarly, astrocytes in uninfected animals in those brain regions have an anti-
inflammatory phenotype (D,J,P,V,BB,HH,NN,TT) whereas the cells 60 (E,K,Q,W,CC,II,00,UU) and 90 days post-infection
(F,.L,R,X,DD,JJ,PP,VV) have reactive phenotypes. Scale Bar = 10 um.
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Figure 11. Amyloidosis in guinea pigs at 90 days post-infection with Mtb. Immunohistochemical staining of brain tissue was performed
for identification of neurotoxic amyloid B; - 4,. Positive staining was scored, as determined by number of amyloid B* cells and degree of
staining intensity, on a scale of 1-5. Increased intracellular amyloid B - 42 is seen in the hippocampus (B) and brain stem (E) of guinea pigs
90 dpi with Mtb compared to uninfected controls in those same brain regions (A,D). Scoring of brain pathology shows a significant
increase in misfolded protein accumulation in the hippocampus (C) and brain stem (F). Extracellular plaques of amyloid beta are found in
the brain stem of infected animals (H,I) but are absent in uninfected animals (G,I). Each bar represents the mean + SEM (N = 5—6/group).
Unpaired T-test analysis performed; *p < 0.05, **p < 0.01. Scale Bar = 50 pm.
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Figure 12. Hyperphosphorylated Tau and Tangles in Guinea Pigs at 90 days post-infection with Mtb. Immunohistochemical staining of
brain tissue was performed for identification of tau phosphorylated at different amino acids. Positive staining was scored, as determined
by number of tau+ cells and degree of intensity, on a scale of 1-5. No significant difference of tau phosphorylated at serine 404 was
detected in the hippocampus (B,C) or brain stem (E,F) of guinea pigs at 90 dpi compared to uninfected controls in those same brain
regions (A,C,D,F). Similarly, tau phosphorylated at threonine 217 is identified in the hippocampus and brain stem (G,H,J,K), although
there is no significant change in pathological score in uninfected and infected animals (I,L). An increase in fibrils of tau phosphorylated at
threonine 181 is found in the hippocampus of guinea pigs 90 dpi (N) compared to uninfected controls (M), as well as the formation of
hyperphosphorylated tau tangles in the brain stem (Q) that are absent in uninfected animals (P). Scoring of brain pathology shows a
significant increase in misfolded protein accumulation in the hippocampus (O) and brain stem (R). Each bar represents the mean = SEM
(N = 5-6/group). Unpaired t-test analysis performed; ns, not significant, ****p < 0.0001. Scale Bar = 50 pm.
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Figure 13. Neuronal loss and degradation in guinea pigs at 90 Days post-infection. H&E staining of the CA1 and CA3 anatomical
regions of the hippocampus show an increase in pyknotic neurons (black arrows) in animals infected with Mtb for 90 dpi (B,G)
compared to uninfected controls (A,F). Quantification of immunohistochemical staining for neuronal marker NeuN shows a
significant decrease in neurons in the CA1 (C—E) and CA3 (H-J) in animals infected for 90 days compared to uninfected animals.
Each bar represents the mean += SEM (N = 5-6/group). Unpaired t-test analysis performed; *p < 0.05. Scale bar = 50 um.
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CHAPTER 3

IMMUNE CELL INFILTRATION AND MODULATION OF THE BLOOD-BRAIN BARRIER IN A
GUINEA PIG MODEL OF TUBERCULOSIS WITHOUT EVIDENCE OF BACTERIAL

DISSEMINATION TO THE BRAIN

3.1 INTRODUCTION

Tuberculosis (TB) is catastrophic disease, caused by infection with Mycobacterium tuberculosis
(Mtb), that affects approximately 1.7 billion people across the globe [428]. An estimated 10 million new
cases of active disease occur each year worldwide, which is only worsening despite global strategies for
disease elimination [330, 331]. Thus, itis crucial that research be performed to not only interfere with the
progression of disease, but to better understand the long-term consequences of infection. Although much
is known about the immune response to Mtb in peripheral tissues, little information exists describing the
neurological effects of TB, despite published epidemiological data detailing long-term cognitive changes
associated with the disease. These studies show that diagnosed TB is correlated with neurological deficits,
including memory loss and decreased cognitive functioning [397]. TB also predisposes individuals to
neurodegenerative disease, including Parkinson’s Disease [183] and dementia [161, 357, 429].
Interestingly, these documented findings present in human patients who are not diagnosed with central
nervous system (CNS) infection or tuberculosis meningitis (TBM), emphasizing the connection between
pulmonary infection and the brain. Unfortunately, while it is established that TB can increase risk for
disease, the complete neurological consequences, and pathological mechanisms driving them, remain
unclear. Our previous findings help to characterize the neuropathologies that occur during the progression
of diseasein an established in vivo model of TB. In our model of peripheral disease without evidence of

CNS infection, we correlated behavior changes to the presence of neuropathologies identified in
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neurological disorders, including glial inflammation, the accumulation of misfolded and aggregated
proteins, and neuronal loss in the hippocampus [430].

Glial inflammation is considered one of the earliest detectable abnormalities in neurological
disease. Glia, astrocytes and microglia, can polarize from neuroprotective phenotypes into pro -
inflammatory, neurotoxic ones. Although this response acutely helps to restore the microenvironment in
response to stress, prolonged cellular activation compromises the brain over time. Microglia, which
function as the resident immune cell of the brain, utilize their phagocytic capacity to eliminate pathogens,
protein aggregates, and apoptotic cellular debris. Altogether, these actions aid in maintaining neuronal
synapses. Microglial activation occurs following the recognition of antigens or cytokines and chemokines.
These include tumor necrosis factor (TNF), interleukin-6 (IL.-6), and interleukin-13 (IL-1[3) [197]. Once
in a reactive state, these cells actively secrete pro-inflammatory mediators that stimulate nearby cells;
they are the primary producers of complement component 1, subcomponent q (C1q), interleukin 1a (I1-
1a), and TNF. This molecular combination is one well-established method of astrocyte activation [381].
Once stimulated, neurotoxic astrocytes no longer perform supportive functions, including regulating
neurogenesis and maintaining neurotransmitter levels. Similar to microglia, they contribute to pro-
inflammation and produce complement proteins involved in opsonization and immune cell recruitment.
Subsequently, colocalization of complement 3 (C3) in astrocytic cell bodies is an indication of cellular
reactivity, along with others, such as increased expression of glial fibrillary acidic protein (GFAP) and
S100 calcium-binding protein  (S100B) [382, 431]. Furthermore, astrocytes, through their terminal
processes or “endfeet”, play an essential role in blood-brain barrier (BBB) function.

In addition to glial inflammation, reduced integrity of the BBB is found in numerous neurological
disorders, including stroke, CNS infections, Alzheimer’s Disease (AD), and PD, among others [432,433].
The brain is a highly controlled microenvironment composed of multiple protective mechanisms that
separate the CNS from the peripheral circulation. The BBB uses both physical and metabolic methods to
maintain the physiological environment of the brain. This barrier consists of molecular components,

including the glycocalyx and basement membrane, as well as various cellular players. The cellular
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components, endothelial cells (ECs), pericytes (PCs), and astrocyte endfeet, interact with one another to
form the “neurovascular unit” that limits permeation of molecules and cellular traffic to and from the
brain [434]. Although located throughout the body, the ECs forming vessels within the CNS are unique;
they lack fenestrations and form extensive tight junctions (TJs) between cells [435]. The main functional
elements of TJs are transmembrane claudin proteins, which tighten the paracellular cleft, form pores, and
contribute to the maturation of this barrier. One claudin protein, in particular, claudin V, is the most
highly expressed protein of this type in the brain. It is a critical constituent that acts as a “sealing” protein
to maintain the tightness of TJs, preventing small molecules (< 800 Da) from entering the brain [436-
438]. Altogether, TJs form a physical barrier that inhibits cells and other biomolecules from entering the
brain parenchyma. Compromising components of these TJs, as documented during injury and disease,
leads to increased paracellular solute leak [439].

On the parenchymal side of the BBB sits a basement membrane, an extracellular matrix primarily
composed of collagen, laminin, nidogen, and perlecan. Collagen IV is the most abundant protein in the
basement membrane and is critical for maintaining the integrity and function of the BBB [440].
Expression of collagen in microvessels is unique in that both downregulation and upregulation of this
protein is implicated in disease. In murine models, mutations in alpha chains of collagen IV or complete
loss of the protein results in pathology similar to porencephaly and small vessel disease, leading to brain
hemorrhage [441, 442]. In models of bacterial meningitis and herpes-simplex virus encephalitis, the
extent of BBB breakdown and subsequent cortical injury is directly correlated with the degree of collagen
IV degradation by matrix metalloproteinases (MMPs) [443, 444]. Alternatively, collagen accumulation is
associated with BBB leak and cognitive impairment in models of hypertension and ischemia [445].
Increased collagen IV content is also seen in the brains of human patients diagnosed with AD [446]. This
variability in disease-associated collagen expression showcases the complexity of this protein’s function
in the BBB.

Critically, the BBB maintains the chemical composition of the brain, which is necessary for

proper neuronal function. Such maintenance is performed, in part, by astrocytes. Astrocytic endfeet
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physically contact the endothelial cells and pericytes that form the vasculature, and express proteins like
aquaporin 4 (AQP4), a water transport protein. These proteins allow glial cells to regulate ion
concentrations within the brain. Astrocytes also modulate neuronal activity and cerebral blood flow by
controlling intracellular calcium levels in their endfeet, resulting in vasodilation and vasoconstriction
[447]. The physical connection between astrocytic endfeet and vessels is highly implicated in
neuroinflammation. Disruption of astrocytic endfeet and their proteins, in addition to other components of
the BBB, results in neuroinflammation and cellular infiltration. Separating endfeet from the vasculature
disrupts tight junction proteins, including claudins, and leads to biomolecular leak into the brain [448].
Loss of AQP4 in astrocytic endfeet is seen in experimental autoimmune encephalomyelitis and
neuromyelitis optica, correlating to reduced BBB function. Overall, decline in astrocyte endfeet and their
transporters disrupts ion equilibrium within the brain. This alters synaptic transmission and neuronal
excitability which, ultimately, results in the loss of neuronal viability. Reactive astrocytes also secrete
inflammatory mediators and reactive species, instead of supportive factors, that further reduce the
integrity of the BBB and damage the cells native to the CNS.

Astrocytes develop and maintain the BBB through the release of growth factors like glial cell
line-derived neurotrophic factor (GDNF) [449, 450]. In response to inflammation, astrocytes stimulate the
formation of tight junctions, through other secreted factors including angiopoietin-1 (ANG1) and sonic
hedgehog (SHH), to limit permeation of immune cells into the brain [450-453]. Despite evidence that
astrocytes produce BBB stimulating molecules, the exact role of these cells in maintaining barrier
integrity is contradictory. Several studies conclude that astrocyte ablation does not alter BBB structure or
result in microvascular leak [223, 454]. Others suggest that loss of astrocytes compromises tight
junctions, allowing molecules of various sizes to extravasate into the brain [455]. In vitro models of the
BBB support this, as co-cultures of astrocytes and endothelial cells increase the formation of tight
junctions compared to endothelial monocultures alone [456].

Due to the importance of various structural proteins in BBB function, theirreduced expression is

often used as a determination of barrier integrity, as seen in previous studies. This loss can occur through
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multiple pathophysiological mechanisms, including oxidative stress and activation of cytokine-mediated
intracellular signaling. Overall, these mechanisms disrupt tight junctions and alter molecular transport,
leading to increased leakage of biomolecules and infiltration of immune cells from the periphery. This
allows an influx of neurotoxins, microbial components, inflammatory mediators, or activated cells into
the brain, promoting an inflammatory brain phenotype that is chronically damaging [457]. Subsequently,
BBB dysfunction is considered an early and significant event in the pathogenesis of neurological disease.
The integrity of the BBB during CNS infection has historically been of interest, as bacteria and viruses
can alter the BBB to facilitate entry into the brain [209]. In an in vitro co-culture model of the BBB, Mtb
exposure increases permeability by stimulating MMP-dependent breakdown of tight junction proteins
[458]. In patients with TBM, the most common form of CNS Mtb infection, BBB permeability is
significantly higher [459].

More recently, BBB damage has been implicated as a critical pathology in AD and PD. In AD,
vascular permeability, which has been identified in human patients, is correlated with disease onset and
severity [460]. Similarly, BBB damage and leaking has been identified in human PD patient brains [461].
Not only is barrier dysfunction implicated in CNS disease, but peripheral inflammation can also mediate
BBB changes. Murine models of AD increase leakage from vessels into perivascular spaces following
acute and chronic intraperitoneal treatment with lipopolysaccharide [462]. Sepsis, and the pro-
inflammatory cytokines associated with it such as TNF, is known to change BBB integrity and result in
vascular leak. Peripheral inflammation increases permeability of cells and molecules, as well as alters
tight junctions [463-466]. In a study by Tsao et al., the pro-inflammatory molecule TNF results in BBB
dysfunction, and it is well established that TNF is not only higher in TB patients, but correlates to disease
severity [466, 467].

Although our previous findings describe the neuropathology associated with peripheral Mtb
infection, there is a gap in knowledge on the mechanism of neurotoxicity. We hypothesize that the robust
peripheral inflammatory response generated against pulmonary Mtb infection modulates the BBB. This

allows for the infiltration of immune cells from the periphery into the brain parenchyma, as well as pro-
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inflammatory mediators that activate and recruit native glia. Ultimately, this BBB degradation may be a
critical initial mechanism that results in the long-term neuropathology associated with the disease. In this
study using a relevant guinea pig model of TB, analysis of the major protein constituents of the BBB
demonstrated altered expression within vessels. Modulation of BBB proteins resulted in gliosis and the
infiltration of immune cells in Mtb-infected animals, localized in the frontal cortex, thalamus, brain stem,
and cerebral nuclei. Due to the neuronal loss previously established in this model and its relevancy to
neurodegenerative disease, the hippocampus was also evaluated in this study [430]. Through these data,
we reveal a possible mechanism early in the progression of disease which may lead to neurodegeneration

and permanent neurological injury.

3.2 METHODS
3.2.1 Animals and Sample Collection

Three-month-old, female, outbred Dunkin—Hartley guinea pigs (Elm Hill, USA) were used in this
study. They were housed in a biosafety level 3 laboratory at the Colorado State University Laboratory
Animal Resources facility accredited by the American Association for Accreditation of Laboratory
Animal Care (AAALAC). Animals were pair housed under constant temperature and humidity conditions
(21° £ 2 °C temperature and 30 £5 % humidity). A 12-hour light/12-hour dark cycle was used, and
animals had ad libitum access to standard pelleted food and water. Animals were monitored using a
clinical scoring system for signs of morbidity and weighed weekly by laboratory staff for the entirety of
the experiment. Experiments were performed in accordance with the National Research Council's Guide
for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Usage Committee (IACUC) at Colorado State University. At the time of euthanasia, guinea pigs were
administered 50 mg/kg of ketamine and 5 mg/kg of xylazine via intramuscular injection for anesthetic
induction. Under terminal anesthesia, guinea pigs were euthanized by intraperitoneal overdose of
pentobarbital. Tissues were collected for histopathology by fixing in 10% buffered formalin or stored at -

80°C for subsequent homogenization and quantification of Mtb colony forming units.
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3.2.2 Mtb Aerosol Exposure

This study utilized two strains of Mtb: the laboratory strain Mtb H37Rv, which is considered less
virulent, and the clinical strain Mtb HN878, a hypervirulent strain. Culture stocks of Mycobacterium
tuberculosis (Mtb) strain H37Rv (TMC #102, Trudeau Institute) and HN878 (Clinical Isolate W210,
CSU, Fort Collins, CO) were collected at an OD600 nm between 0.8 and 1.0 and frozen at -80°C in
Proskauer-Beck liquid medium containing 0.05% Tween-80. Titer was determined and bacteria were
diluted in sterile water to 2 x 10° colony forming units (CFU)/mL. Animals were exposed to an
aerosolized dose of Mtb for twelve minutes, calibrated to deliver 50 — 100 bacilli per animal. The Glas-
Col Airborne whole-body exposure apparatus was used to infect the animals in one run per strain, and
approximately 80 CFU of Mtb were delivered by aerosol to each animal. Four animals were infected with
Mtb H37Rv, and six animals were infected with HN878. Each run contained a single guinea pig for
euthanasia and necropsy 24 hours after exposure to confirm Mtb delivery to the lungs. Animals were
exposed to Mtb for a total of 15 days post-infection (dpi). Four uninfected animals were exposed to sterile

water using the same procedure in the Glas-Col device.

3.2.3 Bacterial Burden/CFU Counts

For confirmation of bacterial enumeration at 24 hours, the lung was homogenized in 30 mL of
PBS and plated on 150 x 50mm petri dishes containing 7H11 with 10% OADC, 10 pg/mL cycloheximide,
and 50 pg/mL of carbenicillin. For quantification of bacterial dissemination at the end of the study period,
lung, spleen, and brain were collected, weighed, and homogenized in PBS. The entirety of the brain
homogenate foreach animal was diluted 1:10 followed by serial dilutions of tissue homogenate in PBS.
Dilutions were plated as stated above and all agar plates were incubated at 37 °C + 5% CO,. Following 6

— 8 weeks of incubation, CFU’s were counted, and CFU’s per gram of tissue were calculated.

3.2.4 Tissue Processing, Embedding, and Histological Staining
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Brains and visceral organs were fixed in 10% neutral buffered formalin at room temperature for
atleast 48 hours. Tissues were processed using a Leica TP1020 Automatic Benchtop Tissue Processor
and embedded in paraffin wax (Cancer Diagnostics, Cat #: EEPARS56). Tissues were sectioned on a
Thermo Scientific HM 325-2 Manual Microtome at Spm thickness and mounted on positively charged
glass slides (Superfrost Plus, Cancer 232 Diagnostics, Cat #: 4951) for staining and analysis. One section
per animal was deparaffinized and stained with hematoxylin (Cancer Diagnostics, Cat#: #HTV -4) and
eosin (Cancer Diagnostics, Cat#: #ETV) (H&E) for determination of histopathological changes. Brain
sections were sent to the Colorado State University’s Veterinary Diagnostic Laboratory for acid-fast
staining to determine if bacterial dissemination to the brain occurred. An Mtb-positive lung tissue slide

was also acid-fast stained to confirm the validity of the staining procedure.

3.2.5 Immunohistochemical Staining

Immunohistochemical stains were performed on whole brain sagittal sections. To deparaffinize
the tissue sections, slides were heated for 20 minutes at 60°C followed by a series of incubations in
xylene and graded ethanol (xylene, 1 part xylene to 1 part 100% EtOH, 100% EtOH, 95% EtOH, 70%
EtOH, 1.0 M TBS) for 5 minutes each. Heat- and chemical-induced antigen retrieval was performed on
the tissue by incubating in 0.01 M sodium citrate (pH = 6.0) for 20 minutes at 95°C. Removal of
endoperoxides was performed through incubation in 0.3% hydrogen peroxide for 30 minutes at room
temperature. Wash steps and tissue permeabilization was performed using 2% bovine serum albumin
[468] and 2% Triton-X in 1.0 M TBS. Tissue was blocked in 10% goat or donkey serum diluted in 1.0 M
TBS for 1 hour at room temperature. After being diluted to their optimized concentrations, primary
antibodies were incubated on the tissue at 4°C overnight.

Astrocytes were identified using a rabbit anti-S100 calcium-binding protein  (S100p) antibody at
a 1:750 concentration (Abcam, Cat #: ab41548). Microglia were identified using a goat anti-ionized
calcium binding adaptor molecule 1 (Iba-1) antibody ata 1:400 concentration (Abcam, Cat #: ab5076).

Washing was performed using 2% BSA in 1.0 M TBS before incubation with the secondary antibody at a
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1:250 concentration for 1 hour at room temperature. The following secondary antibodies were used for
the astrocyte and microglial stains, respectively: goat anti-rabbit secondary antibody (Vector Labs, Cat #:
BA-1000) and donkey anti-goat secondary antibody (Jackson ImmunoResearch, Cat #: 705-065-147).
Following secondary incubation, tissue was incubated an additional hourin ABC mix froman ABC HRP
peroxidase detection kit (Vector Laboratories, Cat #: PK-4000). An InmPACT DAB Substrate,
Peroxidase (HRP) Kit (Vector Laboratories, Cat #: sk-4105) was used as chromogen, with a fixed
chemical reaction period for each antigen of interest. Slides were counterstained with hematoxylin
(Thermo Fisher Scientific, Cat #: 7231) and bluing reagent (Cancer Diagnostics, Cat #: FX2107). Stained
tissue was preserved under a glass coverslip with mounting medium (Richard-Allen Scientific, Cat #:
4112) and stored at room temperature. Whole tissue images were taken for analysis using an Olympus
BX53 microscope with an Olympus DP70 camera using an Olympus UPlanSApo 20x objective (N.A. =
0.75). Representative images were taken using an Olympus BX53 microscope with an Olympus DP70
camera using an Olympus UPlanSApo 20x objective (N.A. =0.75) and Olympus UPlanFL N 40x

objective (N.A. =0.75).

Table 1. Immunohistochemistry Antibodies.

Primary Antibody and
Concentration Used

Primary Antibody
Catalog Number

Secondary Antibody
and Concentration
Used

Secondary Antibody
Catalog Number

Rabbit anti-S100
1:750

Abcam
Cat #: ab41548

Goat anti-rabbit IgG
(H+L)
1:250

Vector Labs
Cat #: BA-1000

Goat anti-Iba-1
1:400

Abcam
Cat #: ab5076

Donkey anti-goat IgG
(H+L)
1:250

Jackson
ImmunoResearch
Cat #: 705-065-147

3.2.6 Immunofluorescent Staining

Whole brain sagittal sections were deparaffinized by heating slides for 20 minutes at 60°C

followed by incubation in xylenes and graded ethanol (xylene, 1 part xylene to 1 part 100% EtOH, 100%
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EtOH, 95% EtOH, 70% EtOH, 1.0 M TBS) for 5 minutes each. Heat- and chemical-induced antigen
retrieval was performed by incubating tissue in 1X EDTA buffer (1mM EDTA disodium salt dihydrate,
0.05% Tween; pH 8.0) for 20 minutes at 95°C. Tissue was washed with 0.05 M TBS and blocked using
2% donkey and/or goat serum in TrisA (0.2% Triton-X in 1.0 M TBS) for 1 hour at room temperature.
After being diluted to their optimized concentrations, primary antibodies were incubated on the tissue at
4°C overnight.

Blood-brain barrier integrity was analyzed by detecting collagen I'V, claudin V, and aquaporin-4
(AQP4). Collagen IV was identified using an anti-Collagen IV antibody at a 1:100 concentration
(NOVUS, Cat #: NB120-6586SS) and a donkey anti-rabbit Alexa Fluor 647 secondary antibody
(Invitrogen, Cat #: A31573). Claudin V was identified using an anti-Claudin 5 polyclonal antibody at a
1:500 concentration (Invitrogen, Cat #: 34-1600) and a donkey anti-rabbit Alexa Fluor 647 secondary
antibody (see above). AQP4 was identified using an anti-Aquaporin-4 monoclonal antibody ata 1:100
concentration (ABclonal, Cat #: A11210) and a donkey anti-rabbit Alexa Fluor 647 secondary antibody
(see above). For visualizing astrocytes, three antibodies were used: a chicken anti-Glial fibrillary acidic
protein (GFAP) antibody at a 1:200 concentration (Aves Labs, Cat #: GFAP), a rabbit anti-Complement 3
(C3) antibody at a 1:100 concentration (Abcam, Cat #: ab181147), and a mouse anti-S100 calcium-
binding protein  (S100p) antibody at a 1:500 concentration (Abcam, Cat #: ab212816). The astrocyte
stain used the following secondary antibodies: goat anti-chicken Alexa Fluor 488 (Invitrogen, Cat #:
A11039), donkey anti-rabbit Alexa Fluor 647 (Invitrogen, Cat #: A31573), and donkey anti-mouse Alexa
Fluor 555 (Invitrogen, Cat #: A31570). Infiltrating immune cells were identified by co-staining for CD45,
Iba-1, and S100B. To do this, CD45 was identified using an anti-CD45 (IH-1) monoclonal antibody at a
1:100 concentration (NOVUS Biologicals, Cat #: NB100-65362) and donkey anti-mouse Alexa Fluor 555
secondary antibody at a 1:500 concentration (Invitrogen, Cat #: A31570). Microglia were identified using
a goat anti-ionized calcium binding adaptor molecule 1 (Iba-1) antibody at a 1:50 concentration (Abcam,
Cat #: ab5076) and Donkey anti-goat Alexa Fluor 647 secondary antibody at a 1:500 concentration

(Invitrogen, Cat#: A21447). S100B was identified using an anti-S100f antibody ata 1:500 concentration
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(Abcam, Cat #: ab212816) and Donkey anti-rabbit Alexa Fluor 488 secondary antibody at a 1:500
concentration (Southern Biotech, Cat #: 6441-30). A detailed table outlining the antibodies and
concentrations used is included below.

Four 10-minute wash steps (1.0 M TBS) were followed by incubation with the secondary
antibodies at 1:500 concentrations for at least 1 hour at room temperature in the dark. Tissue was washed
three times for five minutes each (1.0 M TBS), and stained with Hoechst (Thermo Scientific, Cat #:
62249) diluted 1:2000 in PBS for three minutes followed by three additional washes (1.0 M TBS). Slides
were coverslipped with Prolong Gold Anti-fade mounting medium (Cell Signaling Technology, Cat #:
9071), allowed to harden for 24 to 48 hours at room temperature, and then stored at 4°C in the dark.
Whole-slide images were acquired using an Olympus BX63 fluorescence microscope equipped with a
motorized stage and Hamamatsu ORCA-flash 4.0 LT CCD camera using a 20x Olympus X Apochromat
air objective air objective (N.A. =0.80). All slides, irrespective of experimental group, were imaged on
the same day with the same exposure time per channel. Representative images were captured using an
Olympus BX63 fluorescence microscope equipped with a motorized stage and Hamamatsu ORCA -flash
4.0 LT CCD camera using a 40x Olympus X278 Apochromat air objective air objective (N.A. = 0.80).

Red blood cells were removed from representative images.

Table 2. Inmunofluorescent Antibodies.

Protein of Primary Primary Secondary Secondary

Interest: Antibody and Antibody Catalog | Antibody and Antibody Catalog
Concentration Number Concentration Number
Used Used

Collagen IV Rabbit anti- NOVUS Donkey anti-rabbit | Invitrogen
Collagen IV Cat #: NB120- Alexa Fluor 647 | Cat #: A31573
1:100 6586SS 1:500

Claudin V Rabbit anti- Invitrogen Donkey anti-rabbit | Invitrogen
Claudin V Cat #: 34-1600 Alexa Fluor 647 | Cat#: A31573
1:500 1:500
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AQP4 Rabbit anti- ABclonal Donkey anti-rabbit | Invitrogen
Aquaporin-4 Cat#: A11210 Alexa Fluor 647 | Cat #: A31573
1:100 1:500
GFAP Chicken anti-Glial | Aves Labs Goat anti-chicken | Invitrogen
fibrillary acidic Cat #: GFAP Alexa Fluor 488 | Cat #: A11039
protein (GFAP) 1:500
1:200
C3 Rabbit anti- Abcam Donkey anti-rabbit | Invitrogen
Complement 3 Cat #: ab181147 | Alexa Fluor 647 | Cat#: A31573
antibody 1:500
1:100
S100B Mouse anti-S100 | Abcam Donkey anti- Invitrogen
calcium-binding | Cat#: ab212816 | mouse Alexa Cat #: A31570
protein B (S1008) Fluor 555
1:500 1:500
S100B Rabbit anti-S100 | Abcam Donkey anti-rabbit | Southern Biotech
calcium-binding | Cat #: ab41548 Alexa Fluor 488 | Cat #: 6441-30
protein B (S100B) 1:500
1:500
CD45 Mouse anti-CD45 | NOVUS Donkey anti- Invitrogen
(IH-1) antibody Biologicals mouse Alexa Cat #: A31570
1:100 Cat #: NB100- Fluor 555
65362 1:500
Iba-1 Goat anti-Iba-1 Abcam Donkey anti-goat | Invitrogen
1:50 Cat #: ab5076 Alexa Fluor 647 | Cat #: A21447
1:500

3.2.7 Immunofluorescent Analysis

Whole slide images of Collagen IV, Claudin V, and AQP4 stained by immunofluorescence were

analyzed. For each slide, regions of interest (ROIs) were drawn around individual blood vessels of

various sizes and orientations within the tissue. ROIs were evenly distributed across the following five

brain regions: frontal cortex, hippocampus, thalamus, cerebral nuclei, and brainstem. At least twenty

vessels per brain region were analyzed, and care was taken to exclude red blood cells and other

abnormalities or artifacts from the analysis. Mean gray intensity of the proteins within each vessel were

quantified using manual thresholding on the Count and Measure function of Olympus CellSens software

(v1.18). Reactive astrocytes were quantified by analyzing complement 3 expression within S100p*
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astrocytes. This was performed by using manual thresholding on the Count and Measure function of
Olympus CellSens software (v1.18) to identify S100B*DAPI* cells, which were then converted into

individual ROIs. Manual thresholding was then used to quantify the fluorescence intensity of C3 within
each S100p*cell ROI. Adaptive thresholding on the Count and Measure function of CellSens was used to
select for GFAP* area for each brain region. Percent relative expression was calculated for each protein of
interest by determining the minimum (min) and maximum (max) quantifications for the data set. Each
raw quantification (raw) for that brain region received the following calculation: [(raw — min)/(max —

min)*100].

3.2.8 Statistical Analysis

All data is presented as mean +/- SEM unless otherwise specified. A ROUT (Q = 1%) outlier test
was performed on all data to identify potential outliers, which were removed from the data set.
Differences between experimental groups were analyzed using a nonparametric one-way ANOVA with
Dunn’s multiple comparisons test. Statistical analysis was completed using GraphPad Prism. Significance
is denoted throughout the manuscript as * =p <.05, ** =p <0.01, *** =p <0.001, and **** =p <

0.0001.

3.3 RESULTS

3.3.1 Aerosolized Mtb H37Rv and HN878 Did Not Disseminate to the Brains of Guinea pigs.
Histopathology and organ bacterial burden were used to measure disease severity and bacterial

dissemination. Hematoxylin and eosin (H&E) staining of uninfected lung tissue showed normal lung

pulmonary structure (Figure 14A). The lungs of animals infected by aerosol with both the laboratory

strain Mtb H37Rv (Figure 14B) and clinical strain HN878 (Figure 14C) presented with granulomatous

lesions (in brackets). CFU assays confirmed the presence of bacteria in lung homogenate of Mtb H37Rv

and HN878 infected animals (Figure 14G). Dissemination of bacteria to the spleen occurred in 50% of

animals infected with Mtb H37Rv and in 33% of animals infected with Mtb HN878 (Figure 14G).
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In contrast, CFU assays of brain homogenate from infected animals did not contain culturable
Mtb bacteria (Figure 14G). Acid-fast staining of whole-brain sagittal tissue sections were negative for the
presence of Mtb in infected animals, similar to the uninfected group; representative images of the
hippocampus are shown (Figure 14D — F). From these data, we conclude that infection with aerosolized

Mtb H37Rv and HN878 disseminated to the lungs and peripheral organs, but did not reach the brain.

3.3.2 Regionally Specific Cytosis Identified in Two Animals Infected with Both a Laboratory and Clinical
Mtb Strain.

Brain tissue from guinea pigs infected with Mtb H37Rv and HN878 was stained with H&E for
examination of histopathological changes. Cytosis was identified in one animal infected with Mtb H37Rv,
in the brainstem and thalamus, and one animal infected with Mtb HN878, in the frontal cortex and
cerebral nuclei (Supplementary Table 1). Due to the responses identified in two of the Mtb-infected
animals in these regions, and the importance of the hippocampus in neurodegeneration, the frontal cortex,
cerebral nuclei, thalamus, brain stem, and hippocampus were selected for further examination.
Representative images of the frontal cortex (Figure 15A — D), cerebral nuclei (Figure 15E — H), brain
stem (Figure 151 — L), thalamus (Figure 15M — P) and hippocampus (Figure 15Q — S) are shown. The
cellular response identified in the frontal cortex of the Mtb HN878 infected guinea pig showed a high
density of cellular nuclei, indicative of cellular infiltration into that brain region (Figure 2D, red arrows).
The response identified in the cerebral nuclei of the Mtb HN878 infected guinea pig had a similarly high
density of cellular nuclei (Figure 15H, red arrows). In the brainstem of the Mtb H37Rv infected guinea
pig, a high density of cellular nuclei surrounding and within an enlarged blood vessel was identified
(Figure 15L, red arrows), similar to the response identified in the thalamus of the Mtb H37Rv infected
guinea pig (Figure 15P, red arrows). Within these regions of the neuroparenchyma are multifocal
aggregates of moderate numbers of epithelioid macrophages, lymphocytes, and plasma cells. For each of
the described brain regions, cytosis to this extent was not seen in the remainin g eight Mtb-infected

animals tested, nor in the uninfected animals.
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3.3.3 Substantial Iba-1* Cellular Response in Animals Infected with Both a Laboratory and Clinical Mtb
Strain.

Glial reactivity in response to pulmonary infection was evaluated using immunohistochemical
staining. Representative images of Iba-1* microglial cells in the frontal cortex (Figure 16 A — D), cerebral
nuclei (Figure 16E — H), brain stem (Figure 161 — L), thalamus (Figure 16M — P) and hippocampus
(Figure 16Q — S) are shown. Iba-1* microglial cells were seen in the frontal cortex (Figure 16A),
cerebral nuclei (Figure 16E), brain stem (Figure 16I), thalamus (Figure 16M), and hippocampus
(Figure 16Q) of uninfected animals. Animals infected with both the less virulent H37Rv and
hypervirulent HN878 strains of Mtb show increased numbers of Iba-1* cells in those same brain regions
(Figure 16B, C, F, G, J, K, N, O,R, and S). An exacerbated Iba-1* cellular response, with increased cell
number and somal hypertrophy, is seen in the animals with regional cytosis in the frontal cortex (Figure
16D), cerebral nuclei (Figure 16H), brainstem (Figure 16L.), and thalamus (Figure 16P); dense
clustering of Iba-1* cells prevented quantitative analysis within these areas. A cellular response to this
extent was not identified in the hippocampus, although an increase in Iba-1*cells was still observed
following infection. These results establish a progressive Iba-1* cellular response to infection that is

intensified in two of the Mtb-infected animals.

3.3.4 Reactive Astrogliosis in Animals Infected with Both a Laboratory and Clinical Strain of Mtb.
In addition to microglia, the astrocytic response was investigated using immunohistochemical and
immunofluorescent staining. Representative images of S100B* astrocytes in the frontal cortex (Figure
17A — D), cerebral nuclei (Figure 17E — H), brain stem (Figure 171 — L), thalamus (Figure 17M - P),
and hippocampus (Figure 17Q - S) are shown. S100B* astrocytes are seen in the frontal cortex (Figure
17A), cerebral nuclei (Figure 17E), brain stem (Figure 171), thalamus (Figure 17M), and hippocampus
(Figure 17Q) of uninfected animals. No change in the number of S100B* cells is seen in animals infected

with both the less virulent and hypervirulent strains of Mtb in those same brain regions (Figure 17B, C,
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F, G, J,K,N, O, R, and S). Similarly, animals with regions of cytosis do not show an increase in S100p*
cells in the frontal cortex (Figure 17D), cerebral nuclei (Figure 17H), brainstem (Figure 17L), and

thalamus (Figure 17P). Animals with cytosis show altered morphology of the S100B* cells, displaying
cellular projections with upregulated S100p that are not apparent in uninfected animals (Figure 17D, H,

L, and P).

Although Mtb-infected animals do not show substantial proliferation of SI00p* cells compared to
uninfected animals, the cells present have increased production of C3, which is characterized as an
astrocyte with a reactive phenotype. Expression of C3 was quantitatively analyzed within each individual
S100B* cell soma. Representative images of immunostaining for C3 in S1008+ astrocyte cell bodies in
control, Mtb-infected guinea pigs, and the two animals with regional cytosis are depicted in the frontal
cortex (Figure 18A — D), cerebral nuclei (Figure 18F — I), brain stem (Figure 18K — N), thalamus
(Figure 18P - S), and hippocampus (Figure 18U — X). Expression of C3 within each S1003* cell soma
was significantly increased in animals infected with Mtb H37Rv in the frontal cortex (p = <0.0001)
(Figure 18B and E), cerebral nuclei (p =<0.0001) (Figure 18G and J), brain stem (p = <0.0001) (Figure
18L and O), thalamus (p = <0.0001) (Figure 18Q and T), and hippocampus (p = <0.0001) (Figure 18V
and Y) compared to uninfected controls in those same brain regions (Figure 18A,E, F, J, K, O, P, T, U,
and Y). Animals infected with Mtb HN878 demonstrate a dramatic increase in C3 expression in the
frontal cortex (p = <0.0001) (Figure 18C and I), cerebral nuclei (p = <0.0001) (Figure 18H and J), brain
stem (p =<0.0001) (Figure 18M and O), thalamus (p = <0.0001) (Figure 18P and T), and hippocampus
(p =<0.0001) (Figure 18W and Y) compared to uninfected animals. This change in C3 expression in Mtb
HN878 infected animals was more significant than in Mtb H37Rv infected animals in the frontal cortex (p
=<0.0001) (Figure 18B, C, and E), cerebral nuclei (p = <0.0001) (Figure 18G, H, and J), brainstem (p =
<0.0001) (Figure 18L, M, and O), thalamus (p = <0.0001) (Figure 18R and T), and hippocampus (p =
<0.0001) (Figure 18V, W, and Y). Animals with identified cytosis have increased somal C3 in the frontal

cortex (Figure 18D and I), cerebral nuclei (Figure 181 and J), brain stem (Figure 18N and O), and
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thalamus (Figure 18S and T) compared to uninfected controls in those same brain regions (Figure 18A,
E,F,J,K,O,P, T, U, and Y). Less of a difference is seen between animals with cytosis and those not
infected with Mtb in the hippocampus, which is not a region where cytosis was identified (Figure 18U,
X, and Y). In all four brain regions, expression was decreased in cytosis* animals (Figure 18D, E, I, J, N,
0,S, T, X, and Y) compared to those infected with Mtb H37Rv (Figure 18B, E, G, J,L,0,Q, T, V, and
Y) and Mtb HN878 (Figure 18C, E, H, J, M, O, R, T, W, and Y). Overall, these data establish the

presence of reactive astrocytes, but not cellular proliferation, in Mtb-infected animals with or without

cytosis.

3.3.5 Mtb Infection Alters Aquaporin-4 Expression and Contact of Astrocytic Endfeet with Vessels.
Astrocytes, identified as GFAP* cells, and the water channel protein AQP4, which is found on
astrocytic endfeet, were identified using immunofluorescence microscopy; protein expression of AQP4 in
association with vessels was quantitatively analyzed. Representative images of vessels with AQP4 and
GFAP* astrocyte processes in uninfected controls, Mtb-infected guinea pigs, and the two animals with
regional cytosis are depicted in the frontal cortex (Figure 19A — D), cerebral nuclei (Figure 19G - J),
brain stem (Figure 19M — R), thalamus (Figure 19S — V) and hippocampus (Figure 19Y — BB).
Expression of AQP4 within vessels was significantly increased in animals infected with Mtb H37Rv
compared to controls in the frontal cortex (p = <0.0001) (Figure 19A, B, and E), cerebral nuclei (p =
<0.0001) (Figure 19G, H, and K), brainstem (p = <0.0001) (Figure 19M, N, and Q), thalamus (p =
<0.0001) (Figure 19S, T, and W), and hippocampus (p = <0.0001) (Figure 19Y, Z, and CC). Similarly,
animals infected with Mtb HN878 demonstrated significantly increased AQP4 expression compared to
uninfected animals in the frontal cortex (p = <0.0001) (Figure 19A, C, and E), cerebral nuclei (p =
<0.0001) (Figure 19G, I, and K), brainstem (p = <0.0001) (Figure 19M, O, and Q), thalamus (p =
<0.0001) (Figure 19S, U, and W), and hippocampus (p = <0.0001) (Figure 19Y, AA, and CC). There
was no strain-dependent difference in expression in all regions, including the frontal cortex (p =0.4937)

(Figure 19B, C, and E), cerebral nuclei (p =>0.9999) (Figure 19H, I, and K), brainstem (p = >0.9999)
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(Figure 19N, O, and Q), thalamus (p = >0.9137) (Figure 19T, U, and W), and hippocampus (p =

>0.9999) (Figure 19Z, AA, and CC). Expression of AQP4 in cytosis* animals decreased compared to not
only Mtb H37Rv-infected and Mtb HN878-infected animals, but also uninfected controls in the frontal
cortex (Figure 19A — E), cerebral nuclei (Figure 19G — K), and hippocampus (Figure 19Y — CC). A
similar trend is seen between cytosis* animals and animals infected with both strains in the brain stem
(Figure 19N — Q) and thalamus (Figure 19T — W), but no change was seen when compared to uninfected

controls in these two brain regions.

Concurrently, GFAP* astrocyte processes appear to increase contact in animals infected with Mtb
H37Rv (Figure 19B,H, N, T, and Z) and HN878 (Figure 19C, I, O, U, and AA) compared to uninfected
controls (Figure 19A, G, M, S, and Y). Retraction of processes from vessels is observed in cytosis*
animals (Figure 19D, J, P, V, and BB). These changes in contact of the astrocytic endfeet with vessels is
supported by greater GFAP* area in the brain regions of Mtb-infected animals, which is indicative of
cellular hypertrophy and increased process volume. An insignificant, but trending, increase in GFAP*
area is found in animals infected with Mtb H37Rv compared to uninfected controls in the frontal cortex (p
=>0.9999) (Figure 19F), cerebral nuclei (p = 0.4648) (Figure 19L), brain stem (p = 0.6783) (Figure
19R), thalamus (p = 0.2377) (Figure 19X), and hippocampus (p = 0.4390) (Figure 19DD). Animals
infected with Mtb HN878 show a significant increase in GFAP* area compared to uninfected animals in
the cerebral nuclei (p =0.0179) (Figure 19L), brain stem (p = 0.0244) (Figure 19R), thalamus (p =
0.0168) (Figure 19X), and hippocampus (0.0393) (Figure 19DD), although no significant difference
occurs in the frontal cortex (p = 0.0553) (Figure 19F). Cytosis* animals have a GFAP* area similar to
controls, as no difference is identified in the frontal cortex (Figure 19F), cerebral nuclei (Figure 19L),
brain stem (Figure 19R), thalamus (Figure 19X), and hippocampus (Figure 19DD). Overall, Mtb
infection increases GFAP* area, astrocyte process contact with vessels, and AQP4 expression compared

to controls, but this response is decreased in cytosis* animals.
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3.3.6 Modulation of the Blood-Brain Barrier Following Infection with Mtb.

Immunofluorescence microscopy was utilized to evaluate the expression of BBB-associated
proteins within blood vessels; this included matrix collagen IV and the tight junction protein claudin V.
Representative images of immunostaining for collagen IV in control, Mtb-infected guinea pigs, and the
two animals with regional cytosis are depicted for the frontal cortex (Figure 20A — D), cerebral nuclei
(Figure 20F —I), brain stem (Figure 20K — N), thalamus (Figure 20P — S), and hippocampus (Figure
20U — X). In the frontal cortex, expression of collagen IV within blood vessels was significantly
decreased in animals infected with Mtb H37Rv compared to controls (p = <0.0001) (Figure 20A, B, and
E), and in animals infected with Mtb HN878 (p = <0.0001) (Figure 20A, C, and E). Expression was
further decreased in Mtb HN878 infected animals compared to H37Rv (p =0.0010). Animals with
identified cytosis demonstrate decreased expression of collagen IV compared to uninfected animals in this
brain region (Figure 20A, D, and E). Vessel collagen IV expression in the cerebral nuclei was
significantly decreased in Mtb H37Rv-infected animals compared to uninfected controls (p = <0.0001)
but not HN878-infected (p = 0.3031) (Figure 20F, G, H, and J); H37Rv-infected animals had
significantly lower expression than HN878 (p =0.0186). No change was identified between animals with
cytosis and those uninfected (Figure 20F, I, and J). In the brain stem, a decrease in expression of
collagen IV occurred in animals infected with Mtb H37Rv compared to uninfected animals (p = <0.0001)
(Figure 20K, L, and O), although no significant difference was detected in animals infected with Mtb
HN878 compared to controls (p =0.2927) (Figure 20K, M, and O). No change was detected in animals
with regional cytosis compared to uninfected controls (Figure 20K, N, and O). Similar to the frontal
cortex, the thalamus showed decreased collagen IV in infected animals of both strains compared to
uninfected controls (p = <0.0001 for both strains) (Figure 20P, Q, R, and T); animals exposed to Mtb
H37Rv had statistically lower expression than Mtb HN878 (p = 0.0357). No change occurred between
animals with cytosis and uninfected animals (Figure 20P, S, and T). This trend in expression was seen in

the hippocampus as well, although animals with cytosis had a decreased expression of collagen IV

105



compared to uninfected animals (Figure 20U, X,and Y), but not as low as the other animals infected with
Mtb H37Rv (p = <0.0001) (Figure 20V, X, and Y) nor HN878 (p = <0.0001) (Figure 20W - Y).
Expression of claudin V, a component of tight junctions, within vessels was also evaluated.
Representative images of immunostaining for claudin V in control, Mtb-infected guinea pigs, and the two
animals with regional cytosis are depicted for the frontal cortex (Figure 21A — D), cerebral nuclei
(Figure 21F —I), brain stem (Figure 21K — N), thalamus (Figure 21P — S), and hippocampus (Figure
21U - X). In the frontal cortex, animals infected with Mtb H37Rv (Figure 21B and E) and Mtb HN878
(Figure 21C and E) showed decreased expression of claudin V compared to uninfected controls (p =
<0.0001 for both) (Figure 21A and E). No strain difference was observed (p =0.2688). Decreased
expression in Mtb-infected animals compared to uninfected animals was also seen in the cerebral nuclei
(p =<0.0001 for both), although expression in animals infected with Mtb HN878 was not as low as
H37Rv and a strain-specific difference is observed (p = 0.0264) (Figure 21F, G, H, and J). The same
trend in expression was seen in the brain stem (Figure 21K — O) and thalamus (Figure 21P — T). In these
two regions, and in the hippocampus, Mtb-infected animals had significantly lower expression than
uninfected controls (p = <0.0001 for all). Strain-specific differences were observed in the brain stem (p =
0.0047) (Figure 210) and thalamus (p = 0.0266) (Figure 21T). In the hippocampus, claudin V
expression was not significantly different between strains (Figure 21U—-Y) (p =0.1361). In all five brain
regions, a decrease in claudin V expression is observed in the cytosis* animals compared to uninfected
controls (Figure 21E, J, O, T, and Y). Analysis of these proteins demonstrate that Mtb infection
modulates collagen IV expression in a strain-dependent manner. Expression of claudin V was decreased,

regardless of strain, in Mtb-infected and cytosis* animals.

3.3.7 Infiltration of Peripheral Immune Cells into the Brain of Two Mtb-Infected Animals.
Immunofluorescence microscopy was used to phenotypically profile cells within each brain
region to determine if immune cells from the periphery were infiltrating into the brain. Although glia can

express lymphocyte common antigen cluster of differentiation 45 (CD45), a protein tyrosine phosphatase
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that is expressed on all nucleated hematopoietic cells, it is expressed at low to intermediate levels.

Therefore, peripheral immune cells were identified in this study as CD45 high expressing, Iba-1 low
expressing, and S100B low expressing cells (CD45"Iba-1"°"S100B"°"). An increase of phenotypically
CD45"MIba-1"¥S100pB!" cells are detected in the brains of animals with cytosis (Figure 22D and E) but

not in the other animals infected with Mtb (Figure 22B and C) nor in uninfected controls (Figure 22A).

3.4 DISCUSSION

The neurological effects of TB have only recently been described, clinically and in laboratory
models. Our current knowledge includes the progressive activation of glia that culminates in behavior
changes, aggregated misfolded proteins, and hippocampal neuronal loss in response to peripheral Mtb
infection in a guinea pig model [430]. Although the neuropathologies that may contribute to TB-
associated cognitive dysfunction have been described, the mechanism of neurotoxicity has not yet been
elucidated. Our previous findings demonstrate that neuroinflammation and pathological changes occur
without detectible bacteria in the brains of Mtb-infected animals, highlighting mechanisms of cellular
stress in response to chronic systemic inflammation during Mtb infection [430]. Meningococcal diseases,
including those caused by Mtb, demonstrate that bacterial and host-mediated BBB permeability occurs
[469]. Previous work from Brilha et al. has shown that Mtb decreases expression of BBB proteins in vitro
[458]. Other studies have also revealed that systemic inflammation results in BBB dysfunction which
exacerbates neuroinflammation. We, therefore, hypothesized that pulmonary Mtb infection without
dissemination to the brain modulates the BBB, allowing for the infiltration of peripheral immune cells
and, potentially, neurotoxic molecules into the brain that initiate neuroinflammatory responses. In our
current study, a guinea pig model, with the intention of reducing bacterial dissemination to the brain, was
used. A short study duration of 15 days post-infection was chosen in order to evaluate the neurological
changes that occur early in the progression of disease, prior to the glial and neuronal changes identified in
our previously published findings [430]. We demonstrate for the first time, to our knowledge, that

peripheral infection with both a laboratory and a clinical strain of Mtb, without evidence of CNS
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infection, alters the expression of proteins critical to the integrity and function of the BBB in vivo in
combination with cellular reactivity.

Bacterial diversity contributes to the variable outcomes of clinical TB cases. Although host
factors play a role in the progression of pulmonary infection into clinical disease, it has become
increasingly apparent that the bacteria is genetically diverse [470]. Even bacterial stocks of the same
strain between laboratories have genetic variability [471]. Studies utilizing Mtb sometimes disregard
strain differences, often due to experimental constraints, which limits the translational capacity of the
findings. For this reason, our relevant guinea pig model of TB disease consisted of aerosolized infection
with approximately 80 CFU of two different bacterial strains, Mtb H37Rv and HN878. As the first Mtb
isolate to be genomically characterized, Mtb H37Ryv is one of the most widely used strains in laboratory
research [472, 473]. Experimentation using another strain, the virulent clinical isolate W-Beijing HN878,
is becoming more common. Although HN878 has a similar doubling time as H37Rv during the first 14
days of infection, it is considered a hypervirulent bacterial strain due to decreased animal survival
compared to other laboratory strains, likely because of reduced T-helper 1 (TH1) cell responses [474].
While strains like H37Rv do not cause granulomatous lesions in inherently Mtb -resistant murine models,
Mtb HN878 induces granulomas in the lung with a pathology found in humans, including a core of
macrophages surrounded by lymphocytes, as well as B-cell lymphoid follicles and germinal centers [475].
Some clinical strains have also proven to disseminate more readily to the CNS than laboratory strains like
Mtb H37Rv, making it imperative that additional strains be utilized when studying the BBB during
infection [476]. Examining the neurological effects of infection with two strains, both a laboratory and a
clinical strain, helps account for the innate variability between strains in our study.

This study consisted of three-week-old, outbred Dunkin Hartley guinea pigs. Our use of a guinea
pig in vivo model, whose pathology and cellular response to Mtb closely mimics that of humans, is the
best current laboratory model of neuropathology caused by peripheral Mtb infection and enhances the
translational potential of our findings [398-400]. Young animals were chosen for this study, as it is well-

established that natural aging results in BBB dysfunction, neuroinflammation, and the accumulation of
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neurotoxic proteins [209, 457, 477]. The Dunkin Hartley guinea pig is known to exhibit aged-related
pathology as early as five months old, in both the brain and systemic tissues [478-480]. By using young
animals, we eliminate possible age-related impact, although our findings of neuropathology caused by
pulmonary Mtb infection may exacerbate underlying neurological changes in aged models.
In our model, granulomatous lesions were identified in the lungs of animals 15 days post-infection (dpi)
(Figure 14), without signs of morbidity or mortality, or significant weight loss, irrespective of infectious
strain (data not shown). Although cytosis was identified in some of these Mtb-infected animals, no
granulomatous lesions were found in the brain as commonly seen with TBM. The gold standard bacterial
colony forming unit (CFU) assay did not detect bacteria in the brain tissue of any animals despite CFUs
present in lung and bacterial dissemination to the spleen in half of the animals infected with Mtb H37Rv
and one third of the animals infected with Mtb HN878. This data was supported by acid-fast staining of
brain tissue, which did not identify any bacilli in Mtb-infected animals (Figure 14). The combination of
these three findings, determined utilizing well-established experimental methods, indicate that
neurological changes are likely not induced by live bacteria infiltrating the CNS, despite evidence that
bacterial dissemination occurred to extrapulmonary organs. Although we provide evidence that detectable
bacterial dissemination to the brain did not occur through multiple methods, we acknowledge the
limitations of these experiments. It is understood within the field that these methods lack sensitivity and
may not detect small quantities of disseminated bacteria. While whole bacteria, both culturable and non-
culturable, are not identified in the brain, our methods also do not account for bacterial components that
maintain a high degree of immunogenicity.

Despite the lack of lesions in the brain, one animal from each experimental group, infected with
Mtb H37Rv or HN878, showed areas with an abnormal cellular response, or cytosis. Brain regions
included the frontal cortex, thalamus, brain stem, and cerebral nuclei (Supplementary Table 1).
Histopathological staining identified the presence of increased numbers of immune cells, including

lymphocytes and macrophages (Figure 15). Identification of these areas of cytosis determined the brain
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regions studied for the remainder of the manuscript. The hippocampus was also selected, as it is an area
susceptible to neurodegenerative effects and previously implicated in TB neuropathology [430].
Crosstalk between microglia and astrocytes is a known modulator of neuroinflammation. Typically
considered the first cell to respond in the brain, microglia readily migrate and activate in response to
stress, like trauma or contact with pathogens, sometimes as quickly as a couple of hours [481]. Under
pathological conditions, microglial activation has been implicated in BBB dysfunction [314, 482].
Because of these roles, microgliosis was assessed by immunohistochemistry for the detection of Iba-1.
Increased Iba-1* cells are seen in guinea pigs infected with both Mtb H37Rv and HN878, and a
substantial microglial response is demonstrated in cytosis* animals (Figure 16). The visual appearance of
the microglia in Mtb-infected animals suggests an activated phenotype, with shorter processes, cell
hypertrophy, and an ameboid-like morphology; microglia with longer processes are identified in control
animals [483-485]. These observations suggest that pulmonary Mtb infection promotes the polarization of
microglia into a reactive morphology. Notably, activated microglia are known to secrete I1-1a, TNF, and
Clq, which are sufficient in inducing a reactive astrocytic phenotype [381]. Microglia also upregulate the
production of reactive oxygen species (ROS) and pro-inflammatory molecules like IL-1p when activated
[486]. Unfortunately, Iba-1 is not solely a microglial marker but is also expressed at low levels on
peripheral macrophages [487]. Activated microglia and peripheral macrophages also share an ameboid-
like morphology, making it increasingly challenging to differentiate between these cell types. It must be
considered that the cellular response, especially in cytosis* animals, may also consist of peripheral
macrophages.

Despite a substantial microglial response, proliferation or the recruitment of S100B* astrocytes in
any brain region of animals infected with Mtb, with or without identified cytosis, was lacking (Figure
17); however, this does not consider the phenotype of the cells present. The exact function of astrocytic
C3 is context-dependent, but it has been shown that reactive astrocytes upregulate C3 in
neuroinflammatory and neurodegenerative diseases, demonstrating C3 as a marker of astrogliosis [381,

488-490]. Upon further investigation, C3 expression within S100p* cell soma was increased in all brain
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regions of Mtb-infected animals compared to uninfected controls, and this response was amplified in Mtb
HNS878-infected guinea pigs (Figure 18). Such dataindicates that the astrocytes in these regions display a
more reactive phenotype. This change in reactivity, but not cell number, makes sense in the context of
cellular activation versus proliferation. While astrocytes respond to stimuli, such as mediators produced
by nearby microglia, within hours, it can take days for these cells to expand their populations properly
[491]. Temporal limitations in the study and no evidence of culturable bacteria in the brain may not have
allowed sufficient time for astrocyte proliferation.

Limited changesin C3 expression were seen in the hippocampus of cytosis* animals compared to
controls, although it should be noted that cytosis was not identified in any animals within this region.
Alternatively, increased C3 was seen in cytosis* animals compared to uninfected controls in the other four
brain regions (Figure 18), suggesting that the extent of astrogliosis may play a role in BBB integrity and,
subsequently, the recruitment of immune cells. Polarized microglia, as seen in Mtb-infected animals, can
secrete IL-1B which stimulates the release of the pro-inflammatory molecules C-C motif chemokine
ligand 2 (CCL2), C-C motif chemokine ligand 20 (CCL20), and C-X-C motif chemokine ligand 2
(CXCL2) by activated astrocytes. These three mediators are known to encourage the migration of
immune cells into the brain [492]. Additionally, microglial IL-1p represses the production of sonic
hedgehog (SHH) by astrocytes, which results in reduced BBB integrity and decreased tight junction
proteins [492]. The identification of reactive astrocytes that upregulate C3 in Mtb-infected animals and in
animals with cytosis unveils a potential mechanism for the modulation of the BBB seen in these animals.
Interestingly, although no change in astrocyte cell number is seen qualitatively, more GFAP™ processes
are present in Mtb-infected animals, along with an increase in total GFAP area (Figure 19). In cases of
neuroinflammation, reactive astrocytes, characterized as having longer, branched processes, increase
contact with the vasculature, which results in increases in total cell area [383]. The C3-secreting,
phenotypically reactive astrocytes identified in Mtb-infected animals are increasing contact with the

vasculature, which is supported by our data showing more GFAP* processes in association with blood
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vessels (Figure 6). This further establishes the formation of a reactive population of astrocytes in
response to pulmonary Mtb infection.

Increased expression of AQP4 was found in animals infected with Mtb H37Rv and HN878
(Figure 19). Expression of AQP4 was located within the endfeet of astrocytes with a reactive phenotype,
as is common in neuroinflammatory states [493]. The exact function of AQP4 is disputed. Some studies
exert that AQP4 expression leads to BBB changes, and is itself pro-inflammatory [494]. In a study by
Zhou et al., AQP4 knockout mice opened tight junctions, downregulated GFAP expression, and increased
vascular permeability [495]. In contradiction, others state that while AQP4 is involved in brain
maintenance, alterations in this protein alone do not result in BBB leakage, immunoreactivity, or
modified structure of microvessels [496]. Thus, we must consider the impact of altered AQP4 expression
within the context of the complex BBB. A decrease in AQP4 expression is found in cytosis* animals
compared to controls (Figure 19). This is likely due to the retraction of astrocytic endfeet, as glia can
withdraw their endfeet during neuroinflammatory states [497]. Retracted endfeet may play a role in
reducing barrier tightness and allowing for immune cell infiltration in areas with cytosis, as in vivo and in
vitro studies show that astrocytes can reduce leukocyte traffic through the formation of TJs by
upregulating claudins and junctional adhesion molecules [453]. It is possible that process retraction
reduced stimulation of TJs by astrocytes in these cytosis* brain regions.

Glia are linked to the BBB in other ways, and that is through enzymatic regulation of proteins.
Collagen levels are controlled by MMPs, which are endopeptidases that degrade the extracellular matrix
[498]. Collagen IV, in particular, is regulated by matrix metalloproteinase-2 (MMP-2) and matrix
metalloproteinase-9 (MMP-9) in the brain. These enzymes are tightly controlled, at both the level of
transcription and post-translation, to prevent unnecessary damage. MMPs are often upregulated with age
or in diseases, like AD, and it is proposed that these changes are due to a pro-inflammatory brain
phenotype. MMPs are also highly implicated in BBB dysfunction [498]. Reactive astrocytes and
microglia upregulate transcription of MMP-2 and MMP-9, and the pro-inflammatory mediators they

secrete, like TNF, can enhance MMP transcription [499-502]. Activated glia also produce ROS, resulting
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in proteolytic cleavage or disruption of thiol interactions that activate MMPs [502, 503]. By morphology
and secretory phenotype, it has been established that reactive glia are present in Mtb-infected animals;
these cells are likely upregulating MMPs and secreting mediators that indirectly modulate enzymatic
activity. Together, MMPs can degrade collagen IV in the vasculature, resulting in decreased expression,
as seen in our study (Figure 20).

Similarly, MMPs are involved in the loss of TJ proteins, like the primary constituent claudin V,
which significantly decreases following Mtb exposure (Figure 21). Like collagen IV, claudin V is also
degraded by MMP-9. Studies show that activation of MMPs during pathological events degrades tight
junction proteins like claudin V, resulting in increased BBB permeability [504, 505]. This is demonstrated
in other infection models; the bacteria involved in numerous meningococcal diseases, such as Neisseria
meningitidis, can induce BBB changes through MMP-mediated proteolytic cleavage of the tight junction
proteins [469, 506]. MMP-9 has also been directly implicated in peripheral immune cell infiltration into
the brain [501]. Glial activation may be leading to increased activity of MMPs that are degrading matrix
and TJ proteins. This mechanism seems likely given that in vitro studies have shown that Mtb modulates
MMP activity [458].

The brain is considered an immunologically privileged organ. Peripheral immune cells, like T
cells and macrophages, are found near the healthy brain in meningeal and perivascular spaces, but their
existence in the parenchyma is limited [507]. Evidence shows that peripheral immune cells are more
common in the resting brain than previously described, especially dendritic and memory T cells.
However, the presence of infiltrating immune cells is still considered an event of the compromised brain
[507-509]. Differential expression of surface proteins is a common method to differentiate immune cell
populations. While glia express cluster of differentiation 45 (CD45), it is in low to intermediate levels
compared to peripheral immune cells. This makes CD45 expression, in combination with other markers, a
common technique used to identify neurological versus peripheral immune cells [510-512]. This study
identified peripheral immune cells as S100B°%Iba-1'"*CD45"; S100p"CD45'"" astrocytes and Iba-

1"MCD45"" microglia were excluded. Based on these parameters, we detected the presence of a peripheral
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immune cell population that is not evident in uninfected animals nor those infected with Mtb without
cytosis (Figure 22). This is indicative of immune cell infiltration from the peripheral circulation.
Increased BBB permeability has been correlated with the invasion of immune cells into the brain. It is
partially why this event is documented in the aged brain and cases of neurodegenerative disease,
including AD and PD. The function of peripherally invading immune cells has not been completely
defined, and some evidence of neuroprotective roles exists, but they are primarily described as having
neurotoxic functions. Invading cells activate glia and sustain neuroinflammation, leading to the
degeneration of neurons and decline of cognitive function [507, 513, 514]. Although we distinguish the
presence of peripheral immune cells based on surface expression, phenotyping centered on cell surface
markers is incredibly complex. Cells demonstrate standard expression profiles but can upregulate or
downregulate surface proteins, especially during inflammation and disease; even CD45 is modulated in
inflammatory environments [515, 516]. Surface expression and morphology indicate that the cells we
have identified are of peripheral origin, but we also acknowledge that an Iba-1*CD45'"* microglial
population has been recently described. Cells of this phenotype exist in small populations, and are, to our
current knowledge, associated with the diseased brain. This suggests that if such a microglial population
exists in our TB model, they may still contribute to the pathogenesis attributed to pulmonary infection and
should be further evaluated [517]. Glial markers in combination with CD45 expression alone do not allow
us to properly categorize what types of cells we identify in the brains of cytosis* animals. While we detect
the infiltration of immune cells into the brain, further experimentation is necessary to classify these cells
properly.

Despite demonstrating that pulmonary Mtb infection modulates BBB proteins, and we expect this
will lead to vascular leak, experimentation is needed to establish the extent of barrier permeability fully.
Future studies employing optimized permeability assays are necessary to definitively determine if
vascular leakage into the brain is occurring and, if so, what size biomolecules can penetrate. That being
said, even established protocols utilizing BBB tracers as a measure of permeability cannot account for

small molecules and ions [518]. This is pertinent given the small size of neurotoxic microbial
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components, like cell wall proteins and bacterial DNA, that may be penetrating the brain from the
peripheral circulation. Permeability assays are, therefore, only sometimes a reliable way of examining
barrier integrity, although they may be beneficial for future studies [518].

These results describe changes to major BBB constituents that we correlate to gliosis and
peripheral immune cell infiltration without evidence of bacterial dissemination to the brain. In response to
Mtb exposure, microglia and astrocyte reactivity is demonstrated in multiple brain regions. We correlate
these phenotypic changes to increased AQP4 expression and astrocyte process contact with the
vasculature. Additionally, we identify decreased expression of TJ proteins and altered collagen levels that
can be attributed to Mtb infection. Ultimately, infiltration of peripheral immune cells is identified in
animals with progressive neuropathology. Due to the limited sample size, additional experimentation is
necessary to fully characterize the pathological changes occurring in the Mtb-infected animals that
demonstrate cellular infiltration. Our data characterizes modifications to the BBB shown, by others in
other pathological states, to contribute to barrier dysfunction, providing valuable information on the
mechanism of TB-associated neurotoxicity. These findings, which have never been identified in the
context of peripheral TB disease, unveil mechanisms of cellular stress that may provide future therapeutic

targets.
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Figure 14: Bacterial dissemination to the brain is not detected despite infection of peripheral tissues. Lesions and bacteria are
absent in the brains of guinea pigs infected with Mtb H37Rv and HN878 15 days post-infection. Lung histology shows granulomas
(black brackets) in animals infected with Mtb H37Rv (B) and Mtb HN878 (C) but no granuloma formation is seen in uninfected
animals (A). Acid-fast staining of brain tissue does not show the presence of bacteria in any brain region; representative images of
the hippocampus are given for an uninfected control (D) and an animal infected with Mtb H37Rv (E) and Mtb HN878 (F). Colony-
forming unit (CFU) assays indicate bacterial colonies in lung and spleen homogenates, but no bacterial colonies were detected in
brain for either Mtb strain. The limit of detection for spleen is 2 log CFU (G). Each bar represents the mean + SEM. (N=4 -6
animals/Mtb infection group). Scale Bar = 100 pm.
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Figure 15: Increased cellular nuclei and changes in tissue morphology in cytosis"' animals. Cytosis was identified in the brains
of only two Mtb-infected animals by H&E staining. Representative images from the two animals 15 days post-infection in the
frontal cortex (A — D), cerebral nuclei (E — H), brain stem (I — L), thalamus (M — P), and hippocampus (Q — S) are shown. No
evidence of an abnormal cellular response is seen in any brain region in uninfected controls (A, E, I, M, and Q) nor in the other
animals infected with H37Rv (B, F, J, N, and R) and HN878 (C, G, K, O, and S). An intense cellular response, with increased
cellular nuclei, is identified in one HN878-infected animal in the frontal cortex (D) and cerebral nuclei (H), and in one Mtb H37Rv-
infected animal in the brain stem (L) and thalamus (P). (V=4 — 6 animals/Mtb infection group; 2 animals in the cytosis+ group).
Scale Bar = 50 pm.

117




Uninfected

RN %

Frontal Cortex

Cerebral nuclei

Brain Region
Brainstem

Thalamus

Hippocampus

Figure 16: Increased microglial response following Mtb infection that is exacerbated in cytosis+ animals. Microgliosis was
determined using immunohistochemical staining of guinea pig brain tissue for the microglial cell marker Iba-1. Representative

images of Iba- i+ microglia 15 days post-infection in the frontal cortex (A — D), cerebral nuclei (E — H), brain stem (I — L), thalamus
(M —P), and hippocampus (Q — S) are shown. Inlets were provided to allow for higher magnification to view the glial staining and

morphological changes. The number of Iba-17 cells increase in all brain regions in animals infected with Mtb H37Rv (B, F, J, N,
and R) and Mtb HN878 (C, G, K, O, and S) compared to uninfected controls (A, E, I, M, and Q). An intense microglial response is
identified in one HN878-infected animal in the frontal cortex (D) and cerebral nuclei (H), and in one Mtb H37Rv-infected animal in

the brain stem (L) and thalamus (P). (N'= 4 — 6 animals/Mtb infection group; 2 animals in the cytosis' group). Scale Bar = 50 pm.
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Figure 17: Limited astrocyte proliferation demonstrated following Mtb infection. Immunohistochemical staining of guinea pig
brain tissue for the astrocyte marker S1008 was performed to determine if proliferation of astrocytes occurred following infection
with Mtb. Representative images of SlOOB+ astrocytes 15 days post-infection in the frontal cortex (A — D), cerebral nuclei (E — H),
brain stem (I — L), thalamus (M — P), and hippocampus (Q — S) are shown. Inlets were provided to allow for higher magnification to
view the glial staining. SlOOBJr cells do not appear to increase in any of the brain regions in animals infected with Mtb H37Rv (B,
F, J, N, and R) and Mtb HN878 (C, G, K, O, and S) compared to uninfected controls (A, E, I, M, and Q). Although limited changes
in cell number are apparent, cells upregulate S100p in one HN878-infected animal in the frontal cortex (D) and cerebral nuclei (H),
and in one Mtb H37Rv-infected animal in the brain stem (L) and thalamus (P). (N =4 — 6 animals/Mtb infection group; 2 animals in

the cytosis+ group). Scale Bar = 50 um.
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Figure 18: Astrocytes increase production of complement 3 following Mtb-infection. Astrocyte reactivity was analyzed
following Mtb exposure for 15 days, as determined by co-localization of DAPI (blue), S1008 (red), and C3 (cyan). C3 expression

was analyzed in every SlOOB+DAPI+ cell present in each brain region for one tissue section per animal. Representative images of
the frontal cortex (A — D), cerebral nuclei (F —I), brain stem (K — N), thalamus (P — S), and hippocampus (U — X) 15 days post-
infection are shown. Exposure to Mtb H37Rv increased C3 expression, compared to uninfected controls, in the frontal cortex (E),
cerebral nuclei (J), brain stem (O), thalamus (T), and hippocampus (Y). Expression is increased in Mtb HN878-infected animals in
the frontal cortex (E), cerebral nuclei (J), brain stem (O), thalamus (T), and hippocampus (Y) compared to both H37Rv-infected and

+

uninfected animals. Similarly, C3 is upregulated in astrocytes of cytosis' animals in all brain regions but the hippocampus (E, J, O,

T, and Y). Each bar represents the mean + SEM. (N = 4 — 6 animals/Mtb infection group; 2 animals in the cytosis+ group).
Nonparametric one-way ANOVA analysis performed; ****p < 0.0001. Scale Bar = 20 um.

120




Uninfected H37Rv Mtb HN878 Mtb Cytosis’
Cn. .

Brain Region

Figure 19: Astrocytes increase contact with vessels and expression of AQP4 following Mtb infection, which is decreased in cytosisJr
animals. Immunofluorescent staining of guinea pig brain tissue for the astrocytic marker GFAP (red), endfoot protein AQP4 (cyan), and
DAPI (blue) in vessels was performed. Representative images of the frontal cortex (A — D), cerebral nuclei (G — J), brain stem (M — P),
thalamus (S — V), and hippocampus (Y — BB) 15 days post-infection are shown. Exposure to Mtb H37Rv increased AQP4 expression and
endfoot contact, compared to uninfected controls, in the frontal cortex (A, B, and E), cerebral nuclei (G, H, and K), brain stem (M, N, and
Q), thalamus (S, T, and W), and hippocampus (Y, Z, and CC). AQP4 expression and contact is increased in Mtb HN878-infected animals
in the frontal cortex (A, C, and E), cerebral nuclei (G, I, and K), brain stem (M, O, and Q), thalamus (S, U, and W), and hippocampus (Y,

AA, and CC) compared to uninfected animals. Decreased expression of AQP4, and endfoot contact, is found in cytosis+ animals in the
frontal cortex (D and E), cerebral nuclei (J and K), brain stem (P and Q), thalamus (V and W) and hippocampus (BB and CC). Increased

GFAP™" area is demonstrated in animals infected with both Mtb H37Rv and HN878, but not cytosis+ animals, in the frontal cortex (F),
cerebral nuclei (L), brain stem (R), thalamus (X), and hippocampus (DD). Each bar represents the mean + SEM. (N = 4 — 6 animals/Mtb

infection group; 2 animals in the cytosis+ group). Nonparametric one-way ANOVA analysis performed; * = p < 0.05, **** =p <0.0001.
Scale Bar = 20 pm.
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Figure 20: Collagen IV is modulated following infection with Mtb. Immunofluorescent staining of guinea pig brain tissue for
DAPI (blue) and collagen IV (cyan) in vessels was performed. Representative images of the frontal cortex (A — D), cerebral nuclei
(F —I), brain stem (K — N), thalamus (P — S), and hippocampus (U — X) 15 days post-infection are shown. Exposure to Mtb H37Rv
and HN878 decreased collagen IV expression compared to uninfected controls in the frontal cortex (E), cerebral nuclei (J), brain

stem (O), thalamus (T), and hippocampus (Y). Decreased expression of collagen IV in cytosis+ animals is found in the frontal
cortex (E) and hippocampus (Y), but not the cerebral nuclei (J), brain stem (O), and thalamus (T). Each bar represents the mean +

SEM. (N = 4 — 6 animals/Mtb infection group; 2 animals in the cytosisJr group). Nonparametric one-way ANOVA analysis
performed; *p < 0.05, ***p <0.001, and ****p < 0.0001. Scale Bar =20 um.
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Figure 21: Claudin V is decreased following infection with Mtb. Immunofluorescent staining of guinea pig brain tissue for DAPI
(blue) and claudin V (cyan) in vessels was performed. Representative images of the frontal cortex (A — D), cerebral nuclei (F —I),
brain stem (K — N), thalamus (P — S), and hippocampus (U — X) 15 days post-infection are shown. Exposure to Mtb H37Rv and
HN878 decreased claudin V expression compared to uninfected controls in the frontal cortex (E), cerebral nuclei (J), brain stem (O),

thalamus (T), and hippocampus (Y). Decreased expression of claudin V in cytosis+ animals is found in the frontal cortex (E),
cerebral nuclei (J), brain stem (O), thalamus (T), and hippocampus (Y) as well. Each bar represents the mean + SEM. (N=4-6

animals/ Mtb infection group; 2 animals in the cy‘cosis+ group). Nonparametric one-way ANOVA analysis performed; *p < 0.05,
**p <0.01, and ****p < 0.0001. Scale Bar =20 pm.
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Figure 22: Peripheral immune cells identified in cytosis+
animals. Immunofluorescent staining of guinea pig brain tissue
for CD45 (pink), S100B (yellow), Iba-1 (cyan), and DAPI
(blue) for identification of peripheral immune cells.
Representative images 15 days post-infection are shown.
Exposure to Mtb H37Rv (B) and HN878 (C) did not show an
abnormal population of cells, similar to uninfected animals (A).

Alternatively, cp4shighg OOBlowaa- low peripheral immune
cells are identified in cytosis+ animals (D and E). (N=4-6

animals/Mtb infection group; 2 animals in the cytosis+ group).
Scale Bar = 20 pm.
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CHAPTER 4

EVALUATING THE OUTBRED, DUNKIN HARTLEY GUINEA PIG AS A LABORATORY MODEL

OF NATURALLY ACQUIRED AGING NEUROPATHOLOGY

4.1 INTRODUCTION

Aging is defined as the time-dependent physical deterioration of an organism, which reduces
functional capacity and increases the likelihood of acquiring diseases [519]. An important change that
occurs naturally during aging is the loss of irreplaceable cells, most notably neurons in the brain.
Consequently, aging is the primary risk factor for neurodegenerative diseases, which include dementia,
Alzheimer’s Disease (AD), and Alzheimer’s Disease Related Dementias (ADRDs). The risk for amyloid
B-positive AD dementia in women, in which diagnoses predominate, is approximately 1.6% in
populations aged between 65 and 90, and dramatically increases to an estimated 25.4% of those aged 90
years and above [520]. Importantly, the population of individuals aged > 65 years is estimated to increase
from 53 millionin 2018 to 88 million in the United States by 2050, making it imperative that research be
performed to investigate mechanisms of dysfunction attributable to age. One contributing factor to the
challenges of researching and curing age-related disease is the inadequacy of current laboratory models.
Appropriate in vivo models must address the following requirements: neuropathologies that closely
resemble human disease, short life spans, and accessibility. Other factors, such as spontaneity of
neuropathology and the presence of comorbidities commonly associated with age, strengthen the
translational capacity of the model. We hypothesized that the non-transgenic, outbred Dunkin Hartley
(DH) strain of guinea pig is a promising model of naturally acquired neuropathologies that are
characteristic of human aging and neurodegenerative disease.

Age associated neuropathologies include cellular senescence, neurotoxic protein accumulation,

neuronal dysfunction, and gross changes to anatomical structures and cognition. Perhaps one of the most
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prominent neuropathologies identified in the aged brain is cellular senescence, a conserved mechanism of
tissue aging characterized by cell-cycle arrest in the G1 or possibly G2 phase that prevents the
proliferation of damaged cells. Senescence is induced by chronic inflammation and stress, including DNA
damage, telomere shortening or dysfunction, oncogene activation or loss of tumour suppressor functions,
epigenetic changes, activation of anti-apoptotic pathways, and organelle damage [521]. Notably, glial
cells, which perform critical homeostatic functions in the brain, can acquire a senescence-associated
secretory phenotype (SASP). Such a phenotype is characterized by the production of pro-inflammatory
cytokines, resembling activated cellular states, which directly contribute to a neuroinflammatory brain
phenotype, as well as attract peripheral immune cells to the brain [521-524]. This results in chronic, low-
grade neuroinflammation, sometimes referred to as “sterile” inflammation, that damages the brain over
time [209]. Glial cells are also often seen in increased quantity in the brain and display activated
morphologies [209]. In addition to the increase in inflammatory mechanisms, senescent glia likely
become incompetent in their ability to degrade neurotoxic proteins, which enhances their accumulation
[525]. Overall, these responses decrease neurogenesis and drive synaptic loss, contributing to cognitive
impairment [525, 526].

Although typically associated with neurodegenerative disease, neurotoxic misfolded proteins are
also increased during brain aging. These proteins include amyloid B (AP) and tau, both of which comprise
the plaque and tangle pathologies identified in AD. Extracellular amyloid plaques are composed of
elongated peptides of AP, specifically the 42 amino acid form (A;4,), and tangles of
hyperphosphorylated tau. Postmortem studies discovered that most aged individuals without clinical
symptoms of dementia or diagnosed neurodegenerative disease have amyloid plaques, which have been
identified in 32% to 82% of study participants, and tau tangles, in 30% to 100% of people [527, 528].
This suggests that these proteinopathies may not be selective for the diseased brain but are instead driven
by age but may be exacerbated in select individuals.

Neuroinflammation and protein aggregates contribute to neuronal dysfunction through the

production of reactive oxygen species (ROS). Reactive species can also be generated by mitochondrial
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dysfunction, as neurons are increasingly vulnerable due to their elevated energy demand and high
dependency on mitochondrial oxidative phosphorylation [529]. This results in increased nuclear and
mitochondrial DNA damage, which persists as a consequence of inefficient repair mechanisms associated
with age [530]. Overall, this results in the loss of synaptic density and shrinkage of dendrites, and
subsequently a reduction in proper neuronal function. Neuronal structural and functional changes cause
cognition deficits and brain atrophy; approximately 0.5% of grey matter, especially in the frontal cortex,
is lost between the ages of 20 and 80 years, and white matter degeneration is also evident [530].

It is increasingly difficult to differentiate between the effects of brain aging and
neurodegenerative disease, as they share clinical symptomology and pathology. Both aged individuals and
those diagnosed with a neurodegenerative disease display cognition and memory deficits, although it is
considered that those diagnosed with disease have exacerbated decline. A diagnosis of AD or ADRD is
characterized by the presence of extracellular plaques of amyloid B and tangles of hyperphosphorylated
tau. Yet, these protein pathologies are also identified in post-mortem aged brains without official
diagnoses of neurodegenerative disease. Consequently, recent studies have demonstrated that the
sensitivity of current clinical and neuropathologic criteriaranges from 70.9% to 87.3%, and specificity
ranges from 44.3% to 70.8% [531]. Similarly, it is expected that between 12% and 23% of patients
diagnosed with AD do not have sufficient AD pathology at autopsy to account for the presence of
dementia, and that as many as half of patients without a clinical diagnosis of AD have pathologic
diagnoses of AD post-mortem [532, 533]. These data suggest that using in vivo models that demonstrate
exacerbated aging neuropathology is a promising avenue for evaluating not only progressive pathological
changes in the brain, but also mechanisms of neurodegenerative disease.

Although numerous in vivo models of brain aging and neurodegeneration exist, including rodents,
non-human primates, and companion animals (felines and canines), no animal model fully recapitulates
human disease while also maintaining accessibility for research purposes. For decades, murine models
have been the most common laboratory model. While useful, because of the ease in which their DNA can

be manipulated, mice do not have naturally occurring amyloid plaques and tau tangles, suggesting they
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may be absent altogether, and they do not exhibit dramatic gross brain changes [534, 535]. Numerous
transgenic murine models have been created to induce such neuropathologies but, despite progressing our
understanding of the aged brain, they do not recapitulate disease in most human cases; the majority of AD
cases are sporadic without a known genetic origin [536]. These differences are likely the reason studies
conducted in murine models have had poor predictive power for drug efficacy in humans.

Larger animals show promise, due to their long lifespans and physiological similarity to humans.
Non-human primates (NHP) demonstrate remarkable similarity to humans in their physiology,
neuroanatomy (including their morphology and composition of key anatomical areas), and cognition,
making them a relevant in vivo model to study neuropathology [537]. Notably, aged chimpanzees and
rhesus monkeys naturally develop tau and amyloid pathology, synaptic loss, and cognitive deficits [538,
539]. Companion animals, including canines and felines that are maintained as household pets, also
demonstrate aging pathology and disease (canine cognitive dysfunction (CCD) and feline cognitive
dysfunction (FCD)), with additional translational value [540, 541]. They are often exposed to similar
environmental conditions as humans, which can aid in the identification of potential factors that
contribute to sporadic disease [535]. That being said, the use of larger mammal models such as primates
and domesticated animals is not practical in a laboratory setting; there are ethical considerations, study
limitations, additional regulations, and high associated costs compared to rodents that makes their use
extremely limited in most research institutions.

Another rodent model, the guinea pig (Cavia porcellus), has been utilized in studies of asthma,
allergies, and infectious diseases like tuberculosis (TB). Their docile nature, small size, and biological
similarities to humans make them an appropriate research model, and one outbred strain, the Dunkin
Hartley (DH), is commercially available from several laboratory breeders. More recent data demonstrates
that the DH guinea pig has multiple morbidities characteristic of human aging, including musculoskeletal
decline, vascular disease, and obesity [542, 543]. It has been previously shown that DH guinea pigs
display an age-related decline in peripheral skeletal muscle density and mitochondrial respiration. This

strain, as early as 4 months of age, also develops progressive osteoarthritis (OA), which is accompanied
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by local and systemic inflammation [480, 544]. These data suggest that the DH guinea pig may be an
suitable model of progressive neuropathology, as evidence indicates that musculoskeletal decline is often
correlated with cognitive impairment.

Expanding upon this, the aged DH guinea pig demonstrates decreased mitochondrial respiration
and efficiency in the hippocampus with age (Walsh et al., 2024, Submitted). Additionally, DH guinea
pigs, by 15 months old, show increased circulating neurofilament light chain, gliosis, and proteinopathy.
Altogether, these data suggest that the DH guinea pig may be a valuable in vivo model of naturally
acquired neuropathology. Additionally, we hypothesized that this particular strain, the DH, demonstrates
exacerbated neuropathology compared to other strains, the PigmEnTed (PET) guinea pig, at the same age.
In this study, we showcase that DH guinea pigs, by as early as 12 months of age, display characteristics
similar to those identified in the aged and AD brain, including glial reactivity, misfolded protein

accumulation, and neuronal loss.

4.2 METHODS
4.2.1 Animals and Sample Collection

Male, outbred Dunkin Hartley (DH) and PigmEnTed (PET) guinea pigs (Elm Hill, USA;
Chelmsford, MA, USA) were used in this study. Animals were ordered at 4 and 11 months old and
housed for one month (N =8/group; total N = 32); final ages were 5 months old and 12 months old.
Animals were housed at the Colorado State University Laboratory Animal Resources facility accredited
by the American Association for Accreditation of Laboratory Animal Care (AAALAC). Guinea pigs were
individually housed under constant temperature and humidity conditions (21° + 2 °C temperature and 30
+ 5 % humidity). A 12-hour light/12-hour dark cycle was used, and animals had ad libitum access to
standard pelleted food and water. Experiments were performed in accordance with the National Research
Council's Guide for the Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Usage Committee (IACUC) at Colorado State University. At the time of euthanasia,

guinea pigs were placed underisoflurane-induced anesthesia and euthanized by direct cardiac puncture.
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One 12 month old PET animal died prior to euthanasia, with no gross pathology evident upon necropsy.

Tissues were collected for histopathology by fixing in 10% neutral buffered formalin (NBF).

4.2.2 Tissue Processing and Embedding

Brains were fixed in 10% NBF at room temperature for at least 48 hours. Tissues were processed
using a Leica TP1020 Automatic Benchtop Tissue Processor and embedded in paraffin wax (Cancer
Diagnostics, Cat #: EEPARS56). Tissues were sectioned on a Thermo Scientific HM 325-2 Manual
Microtome at Sum thickness and mounted on positively charged glass slides (Superfrost Plus, Cancer 232

Diagnostics, Cat #: 4951) for staining and analysis.

4.2.3 Immunohistochemical Staining

Immunohistochemical stains were performed on whole brain sagittal sections. To deparaffinize
the tissue sections, slides were heated for 20 minutes at 60°C followed by a series of incubations in
xylene and graded ethanol (xylene, 1 part xylene to 1 part 100% EtOH, 100% EtOH, 95% EtOH, 70%
EtOH, 1.0 M TBS) for 5 minutes each. Heat- and chemical-induced antigen retrieval was performed on
the tissue by incubating in 1X EDTA buffer (1mM EDTA disodium salt dihydrate, 0.05% Tween; pH 8.0)
for 20 minutes at 95°C. Removal of endoperoxides was performed through incubation in 0.3% hydrogen
peroxide for 30 minutes at room temperature. Wash steps and tissue permeabilization was performed
using 2% bovine serum albumin (BSA) and 2% Triton-X in 1.0 M TBS. Tissue wasblocked in 10% goat
or donkey serum diluted in 1.0 M TBS for 1 hour at room temperature. After being diluted to their
optimized concentrations, primary antibodies were incubated on the tissue at 4°C overnight.

Misfolded proteins were identified using a mouse anti-phospho-Tau (Thr181) (1:800; Invitrogen,
Cat #: MN1050) antibody. Washing was performed using 2% BSA and 2% Triton-X in 1M TBS, 3 times
for 3 minutes each, before incubation with the secondary antibody ata 1:250 concentration for 1 hour at
room temperature. Wash steps were performed using 2% BSA and 2% Triton-Xin 1M TBS, 3 times for 3

minutes each. An ABC HRP peroxidase detection kit (Vector Laboratories, Cat #: pk-4,000) and
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ImmPACT DAB Substrate, Peroxidase (HRP) Kit (Vector Laboratories, Cat #: sk-4,105) were used as
chromogen and slides were counterstained with hematoxylin (Thermo Fisher Scientific, Cat #: 7231) and
bluing solution (Cancer Diagnostics, Cat #: FX2107). All slides for each antigen of interest received the
same immunoreaction period, which were visualized by a single pathologist in a blinded fashion. Slides
were secured with a coverslip in mounting medium and stored at room temperature until imaging. Whole
tissue images were taken using an Olympus BX53 microscope with an Olympus DP70 camera using an
Olympus UPlanSApo 20x objective (N.A. =0.75). Representative images were taken using an Olympus
BX53 microscope with an Olympus DP70 camera using an Olympus UPlanFL N 40x objective (N.A. =

0.75).

4.2.4 Immunofluorescent Staining

Whole brain sagittal sections were deparaffinized by heating slides for 20 minutes at 60°C
followed by incubation in xylenes and graded ethanol (xylene, 1 part xylene to 1 part 100% EtOH, 100%
EtOH, 95% EtOH, 70% EtOH, 1.0 M TBS) for 5 minutes each. Heat- and chemical-induced antigen
retrieval was performed by incubating tissue in 1X EDTA buffer (ImM EDTA disodium salt dihydrate,
0.05% Tween; pH 8.0) for 20 minutes at 95°C. Tissue was washed with 0.05 M TBS and blocked using
2% donkey and/or goat serumin TrisA (0.2% Triton-X in 1.0 M TBS) for 1 hour at room temperature.
After being diluted to their optimized concentrations, primary antibodies were incubated on the tissue at
4°C overnight.

Astrocytes were identified using a rabbit anti-S100 calcium-binding protein § (S100p) antibody at
a 1:750 concentration (Abcam, Cat #: ab41548). Microglia were identified using a goat anti-ionized
calcium binding adaptor molecule 1 (Iba-1) antibody ata 1:400 concentration (Abcam, Cat #: ab5076).
Washing was performed using 2% BSA in 1.0 M TBS before incubation with the secondary antibody at a
1:500 concentration for 1 hour at room temperature. The following secondary antibodies were used for
the astrocyte and microglial stains, respectively: goat anti-rabbit secondary antibody at a 1:500

concentration (Vector Labs, Cat #: BA-1000) and donkey anti-goat secondary antibody at a 1:500
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concentration (Jackson ImmunoResearch, Cat #: 705-065-147). Blood-brain barrier integrity was
analyzed by detecting claudin V and aquaporin-4 (AQP4). Claudin V was identified using an anti-Claudin
5 polyclonal antibody at a 1:500 concentration (Invitrogen, Cat #: 34-1600) and a donkey anti-rabbit
Alexa Fluor 647 secondary antibody at a 1:500 concentration (Invitrogen, Cat #: A31573). AQP4 was
identified using an anti-Aquaporin-4 monoclonal antibody at a 1:200 concentration (ABclonal, Cat #:
A11210) and a donkey anti-rabbit Alexa Fluor 647 secondary antibody at a 1:500 concentration
(Invitrogen, Cat #: A31573).

Four 10-minute wash steps (1.0 M TBS) were followed by incubation with the secondary
antibodies at 1:500 concentrations for at least 1 hour at room temperature in the dark. Tissue was washed
three times for five minutes each (1.0 M TBS), and stained with Hoechst (Thermo Scientific, Cat #:
62249) diluted 1:2000 in PBS for three minutes followed by three additional washes (1.0 M TBS). Slides
were coverslipped with Prolong Gold Anti-fade mounting medium (Cell Signaling Technology, Cat #:
9071), allowed to harden for 24 to 48 hours at room temperature, and then stored at 4°C in the dark.
Whole-slide images were acquired using an Olympus BX63 fluorescence microscope equipped with a
motorized stage and Hamamatsu ORCA-flash 4.0 LT CCD camera using a 20x Olympus X Apochromat
air objective air objective (N.A. =0.80). All slides, irrespective of experimental group, were imaged on
the same day with the same exposure time per channel. Representative images were captured using an
Olympus BX63 fluorescence microscope equipped with a motorized stage and Hamamatsu ORCA -flash

4.0 LT CCD camera using a 40x Olympus X278 Apochromat air objective air objective (N.A. = 0.80).

4.2.5 Immunofluorescent Analysis

Whole slide images of Claudin V and AQP4 stained by immunofluorescence were analyzed. For
each slide, regions of interest (ROIs) were drawn around individual blood vessels of various sizes and
orientations within the tissue. ROIs were evenly distributed across the following three brain regions:
frontal cortex, hippocampus, and brainstem. At least twenty vessels per brain region were analyzed, and

care was taken to exclude red blood cells and other abnormalities or artifacts from the analysis. Mean
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gray intensity of the proteins within each vessel were quantified using manual thresholding on the Count
and Measure function of Olympus CellSens software (v1.18). Percent relative expression was calculated
for each protein of interest by determining the minimum (min) and maximum (max) quantifications for
the data set. Each raw quantification (raw) for that brain region received the following calculation: [(raw
— min)/(max — min)*100]. Iba-1* microglia and S100B* astrocytes were quantified by using manual

thresholding on the Count and Measure function of Olympus CellSens software (v1.18) to identify

S100B*DAPI* cells or Iba-1*"DAPI* cells. Object filtering in the Olympus CellSens software was used to

remove noncellular objects.

4.2.6 Statistical Analysis

All data is presented as mean +/- SEM unless otherwise specified. A ROUT (Q = 1%) outlier test
was performed on all data to identify potential outliers, which were removed from the data set.
Differences between experimental groups were analyzed using an ordinary two-way ANOVA with
uncorrected Fisher's LSD and a single pooled variance analysis. Statistical analysis was completed using
GraphPad Prism. Significance is denoted throughout the manuscriptas * =p <.05, ** =p <0.01, *** =

p <0.001, and **** =p <0.0001.

4.3 RESULTS
4.3.1 Gliosis in Multiple Anatomical Regions is Exacerbated with Age in DH Animals Compared to PETs.
Brains from DH and PET guinea pigs aged 5 and 12 months were analyzed for glial migration
and proliferation. Iba-1* microglia and S100pB* astrocytes were detected in brain regions implicated in
neurodegeneration. This included the following anatomical areas: regions of the hippocampus (CA1,
CA2, CA3, and DG), brain stem, frontal cortex, thalamus, and hypothalamus. Representative images of
Iba-1* cells in the frontal cortex of young (5 months old) and aged (12 months old) DH and PET guinea
pigs are shown (Figure 23A, B, E, and F). Microglial quantifications in the aforementioned regions,

except for the CA3 of the hippocampus and hypothalamus, show a significant increase in Iba-1* cells with
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age in DH guinea pigs (Figure 23C, D, G, I, J, and K). An insignificant increase in cell quantity is
observed in the CA3 and hypothalamus. While an increase in Iba-1* cells occurs in aged PETs, it is not
significant in any brain region. Young (5 months old) PET animals demonstrate significantly more Iba-
1* cells than DH animals in the DG, CA2, and CA3 of the hippocampus as well as the frontal cortex
(Figure 23C, G, H, and J).

Astrocytes in those same brain regions were also quantified. Representative images of
S100B* cells in the frontal cortex of young (5 months old) and aged (12 months old) DH and PET guinea
pigs are shown (Figure 24A, B, E, and F). In DH animals, S1003* cells significantly increase with age in
the brain stem, frontal cortex, and hypothalamus (Figure 241, J, and L). Alternatively, aged PET animals

show a significant increase in cell quantity in the DG and CA3 (Figure 24C and H).

4.3.2 Modulation of Tight Junction Proteins in Aged Guinea pigs.

Immunofluorescence microscopy was utilized to evaluate the expression of the BBB -associated,
tight junction protein claudin V within blood vessels. The expression of claudin V in association with
vessels was quantitatively analyzed in three regions highly implicated in aging and neurodegeneration:
the frontal cortex, hippocampus, and brain stem. Representative images of immunostaining for claudin V
in young and aged DH and PET guinea pigs are depicted for the frontal cortex (Figure 25A — D),
hippocampus (Figure 25F —I), and brain stem (Figure 25K — N). In all three brain regions, no significant
difference between young and aged DH animals is observed (Figure 25E, J, and O). Claudin V
expression in young PET animals is significantly increased compared to aged PETs in the frontal cortex
and brain stem (Figure 25E and O), but not the hippocampus, although a decrease is still observed
(Figure 25]). Analysis of these proteins demonstrate that age modulates claudin V expression in PET
animals, but not in DH, which have reduced tight junction proteins compared to PETs by as early as 5

months old.
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4.3.3 Age Alters Aquaporin-4 Expression and Contact of Astrocytic Endfeet with Vessels.
Astrocytes, identified as GFAP* cells, and the protein AQP4, a water channel that is localized
primarily to astrocytic endfeet, were identified using immunofluorescence microscopy. The expression of
AQP4 in association with vessels was quantitatively analyzed in three regions highly implicated in aging
and neurodegeneration: the frontal cortex, hippocampus, and brain stem. In the brain stem, a significant
decrease in AQP4 expression occurs in aged DH animals (Figure 26C); no significant difference is
observed in the other two brain regions for this strain (Figure 26A and B). In the hippocampus, a
significant decrease in AQP4 expression occurs in PET animals, and young PET controls express higher
AQP4 than young DH guinea pigs (Figure 26B). Concurrently, GFAP" astrocyte processes appear to
increase contact in young PET guinea pigs compared to young DH animals (not shown). In the brain

stem, an insignificant decrease in expression occurs with age in the PET strain (Figure 26C).

4.3.4 Intracellular Accumulation of Hyperphosphorylated Tau in Aged Guinea pigs.

The presence of the neurodegenerative biomarker hyperphosphorylated tau was evaluated in aged
DH and PET guinea pigs through immunohistochemistry. The quantity of neurons positive for tau
phosphorylated at threonine 181 (pTau T181) was evaluated in the frontal cortex and brain stem.
Representative images of the frontal cortex in young and aged animals are shown (Figure 27A — D).
Quantification of neurons positive for pTau T181 demonstrate a significant increase with age, regardless
of strain (Figure 27E). An insignificant increase occurs in the brain stem of both aged DH and PET

animals (Figure 27F).

4.3.5 Neuronal Loss with Age in the Hippocampus of DH and PET Animals.

Immunofluorescent staining for the neuronal nuclei marker NeuN was performed to determine if
neuronal loss occurred in three relevant anatomical regions of the hippocampus. Representative images
are shown for the Cornu Ammonis 1 (CA1) (Figure 28A — D), Cornu Ammonis 2 (CA2) (Figure 28F —

I), and Cornu Ammonis 3 (CA3) (Figure 28K — N). Quantifications demonstrate a significant decrease in
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the quantity of NeuN* neurons in the CA2 of aged PET animals (Figure 28J). An insignificant decrease
in the quantity of NeuN* neurons occurs in aged PET animals in the CA 1 (Figure 28E) and CA3 (Figure
280) regions of the hippocampus compared to young controls. An insignificant decrease is also seen in
the CA3 of aged DH animals (Figure 280). Although insignificant, young DH animals demonstrate
reduced quantities of neurons in all three anatomical regions compared to PET animals at the same age

(Figure 28E, J, and O).

4.4 DISCUSSION

Age-related neurodegenerative disease cases are expected to double over the next twenty years,
making it imperative that scientific advancements be made to better understand the progression of
neuropathology and possible therapeutic interventions. One major hurdle to research is the lack of
available laboratory models that are both widely accessible and naturally acquire age-related pathologies.
Previously published data demonstrates that the Dunkin Hartley (DH) guinea pig shows glial changes and
misfolded protein aggregates by as early as 15 months old [478]. Expanding upon this, our data
characterizes age-related neuropathologies in the outbred, DH guinea pig, a laboratory strain that also
shows co-morbidities such as osteoarthritis and skeletal muscle decline with age [542,543]. Although the
DH guinea pig has been implicated as a potential model of aging neuropathology and AD, in-depth
characterization of the glial, neuronal, and misfolded protein changes in critical brain regions is lacking.
We hypothesized that the DH guinea pig, by 12 months old, demonstrates advanced neuropathology
compared to other laboratory strains, such as the PigMenTed (PET) guinea pig. Multiple anatomical brain
regions were investigated in order to determine not only the involvement of regions heavily implicated in
disease, but also if cellular changes occur throughout other regions of the brain. Areas included the frontal
cortex, brain stem, thalamus, and hypothalamus, as well as multiple anatomical regions of the
hippocampus. Through these data, we demonstrate that the DH guinea pig recapitulates the following age-
related and neurodegenerative pathologies: gliosis, alterations to the BBB, and misfolded protein

aggregation.
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Aging neuropathology and neurodegenerative disease are closely associated, as they share
characteristic neuropathological changes. In fact, in is estimated that almost all aged brains show
neuropathologies typically indicative of disease. Over the course of numerous studies, it was shown that
in aged individuals without diagnosed neurodegenerative disease nor dementia, 80 — 82% had amyloid
plaques, 36 — 40% had inclusions of TDP-43, 8% to 31% had a-synuclein pathology, and as much as 98 —
100% had aggregations of hyperphosphorylated tau [527, 528,545, 546]. The observation that almost all
aged brains show these characteristic changes in correlation with the fact that age is the primary risk
factor for disease indicates that age-related pathology is likely an initial driver of disease. Therefore,
studying age-related pathologies, which requires an appropriate laboratory model that recapitulates
natural brain aging, may provide valuable insight into mechanisms of disease.

Neuroinflammation mediated by glia has been heavily implicated in both brain aging and
neurodegenerative disease. Microglia, which are the resident macrophages of the central nervous system
(CNS), perform immunological surveillance. In response to pathogens or stress, microglia readily
activate, increasing their capacity for phagocytosis of misfolded proteins, pathogens, and cellular debris.
In both age and neurodegeneration, microglia proliferate and maintain pro-inflammatory secretory
profiles and morphologies that may damage neurons over time [209]. Thus, Iba-1* microglia were
quantified in the hippocampus, frontal cortex, brain stem, thalamus, and hypothalamus of young (5
month-old) and aged (12 month-old) animals of both strains (Figure 23). In DH guinea pigs, a significant
increase in the quantity of Iba-1* cells is observed in every anatomical region evaluated except for the
CA3 and hypothalamus; although insignificant, increased Iba-1* cell numbers were also identified in aged
DH animals in those two brain regions. Alternatively, PET guinea pigs, which are expected to
demonstrate delayed neuropathology, do not exhibit a significant difference between ages in any brain
region. The increase in Iba-1* cell quantity may contribute to neurodegeneration through complement-
dependent synaptic engulfment and secretion of pro-inflammatory mediators, as is often observed in aged
glia, that that can directly injure neurons [547]. Additionally, although activated microglia typically

eliminate proteins and debris, naturally aged microglia downregulate phagocytic receptors and
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demonstrate an overall reduced phagocytic capacity, which exacerbates aggregation of misfolded proteins
that may contribute to progression of pathology [548].

Astrocytes are specialized glial cells that provide structural support for neurons, as well as
stimulate the BBB, synaptogenesis, and regulate neurotransmitters. Similar to microglia, astrocytes have
been heavily implicated in the progression of neuropathology [209]. Upon activation, astrocytes activate
into pro-inflammatory phenotypes, of which at least nine morphological subtypes have been described
[549]. In aged DH animals, a significant increase in S100f* cells occurred in the brain stem, frontal
cortex, and hypothalamus (Figure 24). A significant increase in the number of S100[3* cells was observed
in the dentate gyrus and CA3 of the hippocampus in aged PET animal compared to young controls
(Figure 24). Dramatic changes in the quantity of S100p* astrocytes did not occur in all brain regions,
notably the other anatomical regions of the hippocampus, but the astrocytes in the adult brain have
moderate proliferative capacity [547]. Although changesin astrocytic volume or branching occurs with
age, substantial increases in the quantity of astrocytes are not expected. These data are in line with the
findings of others, which demonstrate that there is little, if any, increase in astrocyte quantity in the
neocortex and hippocampus in both postmortem human neocortical tissue, non-human primates, and
murine models [550-553]. Despite little change in the quantity of astrocytes present in these regions of the
aged brain, the cells present may have a more reactive or pro-inflammatory phenotype, which can
contribute to neuronal damage [209, 549]. In summary, from these experiments we can conclude that
brain aging is accompanied by glial changes that are in line with human cases and established models.

One hypothesis for the stimulation of glia into reactive phenotypes is degradation of the BBB.
The BBB, which uses metabolic and physical barriers to protect the brain, can be altered in response to
physiological stimuli, which would result in leakiness that allows immunogenic antigens and immune
cells from the circulation to enter the brain. In addition to their role as neuronal support cells, astrocytes
are also implicated in BBB function. The endfeet of astrocytes form a fine lamellae on the outer surface

of the endothelial cell layer comprising brain vessels [554]. This close proximity between astrocytic

138



endfeet and vessels allows astrocytes to maintain the BBB by up-regulating tight junction proteins,
thereby stimulating BBB tightness [555]. The increase in astrocyte process contact, and subsequently the
augmented expression of AQP4, with vessels identified in young PET guinea pigs may be neuroprotective
by upregulating tight junction proteins, like claudin V (Figure 25 and 26). Alternatively, DH guinea pigs
have lower AQP4 expression within vessels, especially in the hippocampus, which may contribute to an
early neurodegenerative phenotype in this strain and reduced claudin V expression by as early as 5
months (Figure 25 and 26). While astrocytes are critical mediators of the BBB, evidence from models of
neurological disease show that activated astrocytes in the parenchyma can secrete pro-inflammatory
factors that disrupt the integrity of the BBB by decreasing tight junction proteins, including claudin V,
which makes the barrier more permeable. As the guinea pigs age, a strain independent reduction in AQP4
associated with vessels occurs, which suggests that processes are retracted from vessels and likely reduce
protective BBB stimulation (Figure 26).

Although gliosis, BBB modulation, and misfolded protein accumulation likely result in deficits in
memory and cognition, evaluating the quantity of neurons in the hippocampus determines the extent of
neurological changes. Interestingly, only aged PET animals demonstrate a significant decrease in neurons
in the CA2 of the hippocampus (Figure 28). No significant difference is observed between 5 month and
12 month-old DH animals, but young DH animals have fewer neurons than young PETs (Figure 28).
This suggests that neurodegeneration may occur as early as 5 months in the DH guinea pig model, and
that in comparison PET animals show delayed neurodegenerative pathology. Although insignificant
decreases were observed, it is important to note that actual neuronal loss in the hippocampus is thought to
be minimal in clinical cases, but still results in cognition decline in human patients. In line with this
current understanding, insignificant neuronal changes observed in DH and PET animals may still result in
cognition deficits, and, similar to humans, we do not expected a dramatic decrease in neuronal quantity in
the hippocampus by 12 months old.

In conclusion, pathological changes within the brains of guinea pigs establish the efficacy of the

DH guinea pig as a laboratory model of brain aging and disease. The DH guinea pig exhibits exacerbated
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neuropathology compared to the PET strain, including reductions in tight junction proteins, increased
microglial and astrocyte quantities throughout the brain, and tau pathology by 12 months old, as well as
reduced neuron quantity by 5 months old (Figure 29). Although these dataplay a key role in elucidating
the neuropathology associated with the disease, further research is necessary to fully phenotype the cells
present, to determine if pro-inflammatory or reactive glia exist in this model as is expected and if these
changes confer functional deficits in neurons. It must also be considered that dementia and AD are more
common in women, and these data were evaluated in male guinea pigs [556]. Due to this experimental
limitation, the neuropathological conclusions made may actually be exacerbated in a female guinea pig
model; sex differences should be evaluated further in future studies. Overall, these data effectively

demonstrate that the DH guinea pig presents with neuropathology that closely mimics clinical disease in
human patients, and, therefore, it is reasonable to infer that this strain may be a more effective laboratory

model to study drivers of neuropathology and disease.
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Figure 23. Microgliosis identified in aged DH, but not PET, animals in multiple brain regions.

Immunofluorescent labeling of microglia (Iba-1, red) was performed; representative high-magnification images are
shown for the frontal cortex of 5 month-old DH (A), 12 month-old DH (E), 5 month-old PET (B), and 12 month-old PET
(F). Cellular quantifications were performed in the DG (C), CA1 (D), CA2 (G), CA3 (H), Brain stem (I), frontal cortex
(J), thalamus (K), and hypothalamus (L). Ordinary two-way ANOVA with uncorrected Fisher’s LSD and a single pooled
variance analysis performed. (V=5 — 8/group). *p < .05; **p <.01; ***p <.001.
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Figure 24. Astrocytosis identified in aged DH, but not PET, animals in brain regions implicated in neurodegenerative
disease. Immunofluorescent labeling of astrocytes (S1008, purple) was performed; representative high-magnification
images are shown for the frontal cortex of 5 month-old DH (A), 12 month-old DH (E), 5 month-old PET (B), and 12
month-old PET (F). Cellular quantifications were performed in the DG (C), CA1 (D), CA2 (G), CA3 (H), brain stem (I),
frontal cortex (J), thalamus (K), and hypothalamus (L). Ordinary two-way ANOVA with uncorrected Fisher’s LSD and a
single pooled variance analysis performed. (N = 4 — 5/group). *p <.05; **p <.01.
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Figure 25. Tight junction proteins are modulated in PET guinea pigs. Inmunofluorescent labeling of a tight junction
protein (claudin V, cyan) was performed; representative high-magnification images are shown for the frontal cortex (A —
D), hippocampus (F —I) and brain stem (K — N) of 5 month-old DH, 12 month-old DH, 5 month-old PET, and 12 month-
old PET animals. Cellular quantification of protein expression within vessels was performed in the frontal cortex (E),
hippocampus (J), and brain stem (O). Twenty individual vessels were analyzed, and the average expression per animal is
shown. Ordinary two-way ANOVA with uncorrected Fisher’s LSD and a single pooled variance analysis performed. (N =
4 — 8/group). *p <.05; **p <.01. Scale bar = 20 um.
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Figure 26. Aquaporin-4 proteins and astrocytic endfeet are modulated in PET guinea pigs. Inmunofluorescent labeling of GFAP*
astrocytes and the endfoot protein aquaporin-4 (AQP4) was performed. Quantification of protein expression within vessels was performed in the
frontal cortex (A), hippocampus (B), and brain stem (C). Twenty individual vessels were analyzed, and the average expression per animal is
shown. Ordinary two-way ANOVA with uncorrected Fisher’s LSD and a single pooled variance analysis performed. (N = 4 — 8/group). *p < .05;
**p<.0l.

144



Frontal Cortex

DH PET
A i B. f
s
w
C. 2
o
S 2 )
S ,
~ -
E.
15+
9 Kok *ok 1 smo
E 3 12mo
£ 104
3
z
{9
z JIL
= 54 P
=
2
= e L
[-9)
0 T T
DH PET
Strain
Brain Stem
F.
154
= [ 5mo
°§ B 12mo
£ 10
2
z.
-
ox®©
5 5
z
=
-7
o_
DH PET
Strain

Figure 27: Increased neurons positive for
hyperphosphorylated tau in aged DH and PET guinea pigs.
Immunohistochemical staining of guinea pig brain tissue for tau
phosphorylated at threonine 181 (pTau T181) was performed;
representative high-magnification images are shown for the
frontal cortex (A — D) of 5 month-old DH, 12 month-old DH, 5
month-old PET, and 12 month-old PET animals. Quantification
of the percent of pTau T181 positive neurons in the frontal
cortex (E) and brain stem (F) was performed. Ordinary two-way
ANOVA with uncorrected Fisher’s LSD and a single pooled
variance analysis performed. (N = 7 — 8/group). *p <.05; *¥*p <
.01. Scale bar = 50 um.
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Figure 28. Neuronal loss in anatomical regions of the hippocampus in aged DH and PET guinea pigs. Inmunofluorescent
labeling of neurons (NeuN, red) was performed; representative high-magnification images are shown for the CA1 (A —
D), CA2 (F —I), and CA3 (K —N) of 5 month-old DH, 12 month-old DH, 5 month-old PET, and 12 month-old PET
animals. Cellular quantifications were performed in the CA1 (E), CA2 (J), and CA3 (O). Ordinary two-way ANOVA
with uncorrected Fisher’s LSD and a single pooled variance analysis performed. (N = 4/group). *p <.05. Scale bar = 50

pm.
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Figure 29. Dunkin Hartley guinea pigs demonstrate neuropathology, including gliosis and misfolded protein aggregation, by 12
months-old. Pigmented guinea pigs do not show as advanced glial responses, although misfolded protein accumulation is still
evident, by this same timepoint.
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CHAPTER 5

NEUROPROTECTIVE EFFICACY OF THE GLUCOCORTICOID RECEPTOR MODULATOR PT150

IN A ROTENONE MODEL OF PARKINSON’S DISEASE

5.1 INTRODUCTION

Parkinson’s Disease (PD) is the second most common neurodegenerative disorder, with an
estimated six million individuals that are directly affected worldwide [557, 558]. The impact of PD may be
underestimated due to challenges in accurate diagnostic modalities of the disease, making the current and
projected disease burden higher than previously reported [559]. PD is characterized clinically by motor
symptoms, including resting tremor, rigidity, bradykinesia, and postural instability, in addition to non-
motor features [560]. Non-motor symptoms occur early in prodromal disease, preceding motor symptoms
by as much as decades. These non-motor disturbances include anxiety, depression, and gastrointestinal
dysfunction [560]. The etiology of PD remains largely unknown, and it is primarily considered an age -
related disorder, but epidemiological and experimental evidence suggests that risk factors include genetic
mutations and exposure to environmental contaminants. Pesticides, such as rotenone, have been associated
with increased risk of developing PD [561]. Rotenone is a mitochondrial complex I inhibitor that results in
high levels of reactive oxygen species, culminating in oxidative stress and disrupted cellular signaling
[562]. Ultimately, exposure to rotenone causes selective loss of dopaminergic neurons (DAn) in the
substantia nigra pars compacta (SNpc) and retraction of terminal axonal projections within the striatum
(ST). This, along with chronic neuroinflammation and the hyperphosphorylation and subsequent
aggregation of a-synuclein (o-syn) into intra-neuronal Lewy bodies, comprise the primary
neuropathological featuresof PD. We previously demonstrated thatin mice exposed to rotenone for 14 days

by intraperitoneal injection, neuroinflammatory activation of glia and widespread aggregation of «o-
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synuclein occurred prior to loss of DAn in the SNpc, indicating that these pathologic changes were key
drivers of neuronal injury [563].

During neuroinflammation, microglia and astrocytes polarize from resting states to neurotoxic or
pro-inflammatory phenotypes in response to environmental, pathogenic, or genetic stressors. These
activated states aid in restoring brain homeostasis during stress by recruiting immune cells, removing
pathogens and misfolded proteins through phagocytosis, and by secreting neurotrophic factors [564].
Despite these beneficial activities associated with adaptive glial reactivity, prolonged glial activation creates
a pro-inflammatory environment that chronically damages the brain [565]. The dysregulation of
neurotransmitters and the production of reactive oxygen species resulting from glial activation promotes
neuronal dysfunction and neurodegeneration. In addition, neuroinflammation is hypothesized to contribute
to the propagation of neurotoxic a-syn, as these pathologies are dynamically interconnected, which
exacerbates the formation of Lewy bodies and worsens neuropathology [566]. Therefore, modulation of
glial activation and subsequent neuroinflammation remains a promising target for therapeutic intervention.

Notable inflammatory signaling pathways mediated by glia that have been identified in PD include
the nuclear factor-kappa B (NF-kB) and nucleotide-binding oligomerization domain, leucine-rich repeat-
containing protein 3 (NLRP3). Activation of these pathways increases production of pro-inflammatory
cytokines [567]. One potential avenue for controlling this pathological response is through the
glucocorticoid receptor (GR), whichis found ubiquitously in all parenchymal cells of the brain, particularly
in astrocytesand microglia. GR has the capacity to regulate inflammatory signaling, dependent on the brain
region, cell type, and the physiological context involved. Upon activation of the cytosolic GR by
glucocorticoid (GC) hormones, it releases from chaperone proteins and translocates to the nucleus. There,
it binds glucocorticoidresponse elements (GRESs), thereby altering the transcription of inflammatory genes.
The GR-GC complex can also interact with cytosolic proteins for post-translational regulation of
inflammation. High quantities of GRs on both DAn and glia in the midbrain have been identified in rodent
models, whichhave the capacity to trigger functional changes in the dopamine system [568]. GCs alsohave

an expansive history of clinical use as anti-inflammatories for numerous chronic inflammatory diseases,
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such as multiple sclerosis and rheumatoid arthritis [569]. Altogether, this suggests that targeting the GR is
a potential therapeutic avenue for treating the neuroinflammation associated with PD.

In addition to its anti-inflammatory potential, GR has been directly linked to the neuropathology
associated with both the aged brain and neurodegenerative diseases, including PD. GR and the GC
hormone, cortisol in humans or corticosterone in rodents, are altered during aging and disease. Not only is
GR function selectively reduced with age, murine models of PD exhibit fewer GRs in the SN [570, 571].
Similarly, analysis of post-mortem PD midbrain tissue demonstrates a significant decrease in the number
of astrocytes expressing nuclear GR, which prohibits the capacity for anti-inflammatory mechanisms [572].
Moreover, an imbalance of the hypothalamic-pituitary-adrenal axis described in PD patients, and in rodent
models, results in chronically increased cortisol/corticosterone levels [294, 573, 574]. High cortisol is
linked to cognition decline and risk for neurodegenerative disease, as well as neuroinflammatory effects. It
is unclear whether this is simply correlation or a causal effect, although studies show that stress, which
induces the metabolism of cortisol, can worsen the motor symptoms associated with PD [575]. GRs can
become inactivated or desensitized in the presence of chronically increased cortisol/corticosteroid, therefore
disrupting the GRs ability to regulate inflammation [17, 18].

The function of GR in the central nervous system (CNS) is complex, as its actions cannot be
uniformly classified as anti-inflammatory, but targeting GR has shown neuroprotective effects. PD models
show that inactivating astrocytic GRs exacerbate DAn loss in the substantia nigra (SN) compared to
controls, andincreases glial reactivity andlevels of pro-inflammatory mediators [571,576]. In experimental
models of PD, activating microglial GRs impedes neurotoxic glial activation, reducing DAn degeneration
[574]. Limiting neuroinflammation in microglia-specific NF-xB knockout mice reduced reactive gliosis
and preserved the number of DA neurons in the SNpc [577]. However, complete inhibition of glial
activation can exacerbate damage in response to stress by preventing secretion of trophic factors, limiting
repair mechanisms, and preventing removal of misfolded proteins, which are necessary homeostatic
responses to injury [578]. Therefore, therapeutics that modulate the neuroinflammatory signaling from glia,

but do not completely attenuate their activity, may be more protective.
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In this study, we examined the therapeutic efficacy of the GR modulator, (11b,17b)-11-(1,3-
benzodioxol-5-yl)-17-hydroxy-17-(1-propynyl)-estra-4,9-dien-3-one (PT150), in preventing
neuropathology associated with rotenone neurotoxicity [579]. We previously reported the anti-viral activity
and anti-inflammatory effects of PT150, as well as its capacity to modulate GR-dependent gene expression
[580]. Based on these data, we hypothesized that PT150 would effectively decrease glial inflammation,
prohibit the aggregation of a-syn, and reduce the degeneration of DAn in the SNpc. Herein, mice exposed
daily to rotenone (2.5mg/kg/day for 14 days), followed by daily oral administration of PT150 for the
duration of the 14 day lesioning period revealed that PT150 treatment altered glial reactivity, ultimately
decreasing intra-neuronal a-syn and retaining DAn cell bodies in the SNpc, although no protective effects
were seen in axonal projections in the ST. These data suggest that modulation of GR is neuroprotective in

the rotenone model of PD by altering pro-inflammatory glial responses.

5.2 METHODS
5.2.1 Animal Procedures and Sample Collection

Experiments consisted of male and female C57B1/6] mice three months of age (N = 8/group)
randomly assigned to experimental groups. Animals were housed at the Colorado State University
Laboratory Animal Resources facility accredited by the American Association for Accreditation of
Laboratory Animal Care (AAALAC). All animal experiments were performed in accordance with the
National Research Council's Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Usage Committee (IACUC) at Colorado State University. Experimental
animals were housed under constant temperature and humidity conditions (21° +2 °C temperature and 30
+ 5 % humidity) and a 12-hour light/12-hour dark cycle was used. Mice had ad libitum access to standard

pelleted food and water and were monitored using a clinical scoring system for signs of morbidity.

Rotenone was diluted to a final working solution daily in medium chain-triglyceride, miglyol + 2%

dimethyl sulfoxide (DMSO)[581]; a 50X stock solution was prepared in 100% DMSO every 48 hours and
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stored at—20°C. The head space of the vial was purged with nitrogen to prevent oxidation of the compound.
Working concentrations were prepared by diluting 50X stock solutions in Miglyol 812 as previously
described [563, 577]. Rotenone was delivered by intraperitoneal (i.p.) injection (2.5 mg/kg/day), as
previously determined [S63]. Vehicle groups received an equivalent volume of 100% miglyol by i.p.
injection. Mice were weighed daily and a dosage of 2 uL/g body weight rotenone or vehicle was measured
using a 50 uL Hamilton syringe, which was then transferred to an insulin syringe for i.p. injection once
daily for 14 days. Hamilton syringes were cleaned daily in 10% bleach for 10 minutes, followed by 70%

ethanol, then sterile water to prevent precipitate buildup within the needle.

Animals were randomly assigned to the following experimental groupings (N = 8 animals/group):
vehicle (Miglyol), 2.5 mg/kg rotenone + vehicle (Miglyol), 2.5 mg/kg rotenone + 30 mg/kg PT150, and 2.5
mg/kg rotenone + 100 mg/kg PT150. Treatment dosage of the experimental drug, PT150, was calculated
using dosing schemes and toxicity data from human clinical trials, which treated with 500 mg of PT150, or
approximately 7 mg/kg. Calculations normalizing to body surface area determined that a dose of
approximately 86 mg/kg in mice equates to a Human Equivalent Dose (HED) of 7 mg/kg [579, 582]. Thus,
two doses of PT150 were evaluated for the duration of the study, a low dose of 30 mg/kg and high dose of
100 mg/kg. PT150 was dissolved in miglyol and delivered by oral gavage at 8ul./g body weight once daily
for 14 days after the conclusion of rotenone dosing. Vehicle groups received 100% miglyol by oral gavage.
At the conclusion of the study, animals were euthanized by decapitation under isoflurane anesthesia and

tissues were collected for histopathology by fixation in 10% neutral buffered formalin.

5.2.2 Histopathological Processing and Immunofluorescent Staining

Brains isolated from mice were fixed for 72 hours in 10% neutral buffered formalin before being
transferred to Colorado State University’s Veterinary Diagnostic Laboratory for tissue sectioning. Paraffin-
embedded brain tissue was sectioned at Sum thickness and mounted onto charged slides. Brain sections

were deparaffinized and stained for immunofluorescence detection using the Leica Bond RX ;, automated
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robotic staining system (Leica Biosystems, Nussloch GmbH). Antigen retrieval was performed using Bond
Epitope Retrieval Solution 1 for 20 minutes at 60°C. Sections were permeabilized (0.1% Triton X in 1X
tris-buffered saline/TBS) and blockedin 1% donkey serumor 1% donkey + goatserumin 1 X TBS. Primary
antibodies were diluted in 1X TBS and incubated for 1 hour per antibody. The following antibodies were
used: rabbit anti-tyrosine hydroxylase (TH) (1:500; Millipore, cat #: AB152), mouse anti-neuronal nuclei
[78] (1:200; Abcam, Cat #: ab279296), mouse anti-glial fibrillary acidic protein (GFAP) (1:1000; Abcam,
Cat#: ab4648), rabbit anti-S100 Calcium Binding Protein B (S100p) (1:750; Abcam, Cat #: ab41548), rat
anti-complement component 3 (C3) (1:250; Abcam, Cat#: ab11862), goat anti-ionized calcium binding
adaptor molecule 1 (Iba-1) (1:50; Abcam, Cat #: ab5076), mouse anti-a-syn phosphorylation at serine
position 129 (p129) (1:100; FUJIFILM Wako Chemicals, Cat #: 015-25191), and rabbit anti-a-syn (1:100;
Abclonal, Cat #: A7215). Sections were stained with Hoescht 33342 (DAPI) (diluted 1:5000 in PBS;
Invitrogen, Cat #: H3570) and mounted on glass coverslips in ProLong Gold Antifade hard set mounting
medium (Fisher Scientific, Cat #: P36930). Slides were kept at room temperature for 24 —48 hours to allow

mounting medium to harden, and then stored at 4°C prior to imaging.

5.2.3 Immunofluorescence Imaging and Protein Quantification

Whole-tissue immunofluorescence montage images were captured using an Olympus VS200 slide
scanning fluorescent microscope equipped with a Hamamatsu ORCA -fusion CMOS digital camera and
collected using Olympus CellSens software. Full slide images were acquired using an Olympus X-line
Apochromat 20X air objective (0.8 N.A.). All images were obtained using the same exposure time, light
source intensity, camera gain, and filter application per channel. Brain regions were identified anatomically
and regions of interest (ROIs) were manually drawn using Olympus CellSens software. The manual or
adaptive thresholding features of the Count and Measure function of Olympus CellSens software were used
to quantify immunofluorescence images for SI00B* cell number and GFAP* area. Object filtering was used
to remove non-cellular objects from the analysis. Intracellular protein expression was analyzed by using

manual thresholding on the Count and Measure function of Olympus CellSens software to identify cells
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(S100B* or GFAPY, creating an ROI from each detected object, and then analyzing the fluorescence

intensity of each individual cellular ROI.

5.2.4 Stereological and Immunofluorescent Quantification of Dopaminergic Neurons in the SN and ST

Quantification of DAn was conducted using unbiased stereological methods adapted from our
previous reports [150, 563,577, 583]. Six sections per animal spanning the entire substantia nigra (SN)
were analyzed blindly by a single investigator. Regions of interest (ROIs) were drawn manually using TH*
immunolabellingin combination with the Allen Brain Atlas (Allen Institutefor Brain Science, Seattle, WA,
USA) to identify the SN and surrounding anatomical landmarks. TH* and NeulN* cells were quantified by
using adaptive thresholding in the Count and Measure feature on the Olympus CellSens software, followed
by object filtering. Quantitative stereological analysis using the motorized stage method was performed as
previously described [227]. Striatal sections were immunostained for TH and fluorescence intensity was
analyzed by manually drawing an ROI and using manual thresholding on the Count and Measure function

of Olympus CellSens software as previously reported [563].

5.2.5 Morphological Characterization of Glia

Morphometric analysis was performed using Imaris image analysis software (version 9.8.2,
Bitplane Imaris, South Windsor, CT, USA). Four randomized 400 x magnification images spanning the
entirety of the substantia nigra were taken using an Olympus X-line Apochromat 40X air objective
(0.95 N.A.). The Filament Tracing module was used to identify GFAP* astroglial and Iba-1* microglial
processes. A total sum of processes per cell (filament length [sum]), branch number per cell (filament
number of dendrite terminal points), and overall volume of processes per cell (filament volume [sum]),
were utilized to determine morphometric changes present within each animal. Skeletonized renderings of
glial cells were performed by using Imaris software (version 9.8.2, Bitplane Imaris, South Windsor, CT,

USA) using high-magnification images.
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5.2.6 Statistical Analysis

All data is shown as mean +/- SEM, unless otherwise noted. Experimental values were analyzed using a
ROUT (0=0.05) test, and significant outliers there removed from the data set. Differences between each
experimental group were analyzed using a one-way ANOVA with Tukey’s post hoc test. All statistical
analysis was conducted using Prism. Significance is denoted as * p < 0.05, ** p <0.01, *** p <0.001, ****

p <0.0001.

5.3 RESULTS
5.3.1 Treatment with 30 mg/kg PT150 did not result in unexpected mortality.

Two doses of PT150 were evaluated for the duration of the study, 30 mg/kg and 100 mg/kg. Adult
male and female C57BI/6 mice were exposed to a daily intraperitoneal (i.p.) dose of 2.5 mg/kg rotenone or
vehicle for 14 days, followed by daily treatment with PT150 or vehicle for 14 days by oral gavage (Figure
30A). Signs of morbidity or mortality were monitored daily for each animal. Upon conclusion of the study,
animals that received rotenone in combination with 100 mg/kg PT150 had a 50% mortality (Figure 30B).
There was no difference in mortality between the rotenone-exposed animals that received 30 mg/kg PT150
or vehicle by the conclusion of the study (Figure 30B). Due to adverse health effects associated with
rotenone + 100 mg/kg PT150 treatment, only the rotenone + 30 mg/kg PT150 treated group was analyzed

for the remainder of the study.

5.3.2 PT150treatmentreducesthe loss of dopaminergic neurons in the substantia nigra caused by rotenone
neurotoxicity.

To determine the efficacy of PT1501n treating PD, the extent of neurodegeneration in the SNpc
and ST were evaluated. The number of DAn in the SNpc were determined by quantitative stereology of
whole-brain tissue sections stained for tyrosine hydroxylase (TH) and neuronal nuclei [78] as previously
described [583]. Representative images of DAn in the SNpc of control, rotenone-exposed, and 30 mg/kg

PT150 treated animals are shown (Figure 31). Compared to vehicle controls, animals exposed to rotenone
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showed a significant decrease, an approximate 50% loss, of TH*NeuN* DAn cell bodies in the SNpc by 4
weeks post exposure (Figure 31F). Animals exposed to rotenone followed by treatment with 30 mg/kg
PT150 had more TH*NeuN* cell bodies, which were not statistically different than controls (Figure 31F).
These data are supportedby hemotoxylinand eosin staining of brain tissue, which allows for morphological
characterization of DAnin the SNpc.In correlation with reduced TH*NeuN" cell number, rotenone-exposed
animals show cells with pyknotic nuclei (Figure 311, red arrows), whereas PT150 treated animals (Figure
31N) appear to have healthy nuclei similar to those observed in the control group (Figure 31C, white
arrows).

The integrity of DAn axons projecting to the ST was determined by analyzing the fluorescence
intensity of TH in this region. Representative images of control, rotenone-exposed, and 30 mg/kg PT150
treated groups are depicted for the ST (Figure 31). Striatal DAn terminal integrity was reduced 4 weeks
post exposure to rotenone, as demonstrated by loss of TH* immunostaining compared to vehicle controls
(Figure 31Q). Protection by PT150 did not appear to occur in the ST, as TH* immunostaining in this group
was also significantly reduced in the ST compared to controls, and no difference was observed when

compared to the rotenone-exposed group (Figure 31Q).

5.3.3 Rotenone-induced microgliosis is reduced in the substantia nigra following PT150 treatment.
Microglial reactivity was assessed through quantification of Iba-1* cells in combination with
analysis of cellular morphology using immunofluorescence microscopy in the SN and ST of control,
rotenone-exposed, and rotenone + 30 mg/kg PT150-treated animals (Figure 32). Representative images of
Iba-1* immunostaining in the SN (Figure 32A, F, and K) and ST (Figure 32B, G, and L) are shown. An
increase in the number of Iba-17 cells occurred in the SNpc in response to rotenone exposure, which was
significantly reduced by oral treatment with PT150 (Figure 32C). Interestingly, no significant difference
in the quantity of Iba-1* cells occurred in the SNpr or ST, regardless of experimental group (Figure 32D

and E, respectively).
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Imaris software was used to skeletonize microglial cells in the SN and ST to determine if there
were morphological changes between control, rotenone -exposed, and 30 mg/kg PT150-treated groups.
Skeletonized representations of cells for the SN (Figure 32A, F, and K) and ST (Figure 32B, G, and L)
are shown for each brain region. Alterations in cellular process length and the number of process branches
were quantified as a morphological indication of microglial reactivity. Cellular complexity was reduced in
rotenone-exposed animals compared to vehicle controls in the SNpc (Figure 32H and M), SNpr (Figure
32I and N), and ST (Figure 32J and O). Treatment with PT150 significantly increased both length and
branching of microglial processes in all three anatomical regions. These data show that treatment with

PT150 decreased reactive morphological changes in microglia, but not the overall cell number.

5.3.4 PT150 treatment modulates rotenone-induced astrogliosis in the substantia nigra and the striatum.
Reactive astrogliosis was assessed by quantifying the numberof astrocytes as well as their secretory
and morphometric phenotype. Whole-brain scanning microscopy was used to quantify the number of
S100B* cells and GFAP* area, asreactive astrocytes are proliferative and upregulate GFAP; representative
images of control, rotenone-exposed, and rotenone-exposed animals treated with 30 mg/kg PT150 are
shown for the SN (Figure 33A, C, and E) and ST (Figure 33B, D, and F). Interestingly, no significant
difference in the number of S100B* cells is observed following rotenone exposure in any brain region
(Figure 33G, H, and I). A trending decrease in the number of S100p* cells occurs in the SNpc and ST
following treatment with PT150; no difference in S1008* cell number occurs in the SNpr. Similarly, there
is no difference in GFAP* area observed between groupsin the SNpc and ST, although PT150 treatment
slightly increased GFAP* area compared to controls in the SNpr (Figure 33J, K, and L).
High-resolution fluorescence microscopy was also used to evaluate the phenotype of astrocytes by
examining the cellular distribution of C3 in S100B* cell soma and GFAP* processes as an indication of
inflammatory activation. The co-expression of C3 and either GFAP or S100p was quantitively analyzed in
the SNpc, SNpr, and ST (Figure 33). Representative images of control, rotenone-exposed, and rotenone-

exposedanimals treated with 30 mg/kg PT150 are shown forthe SN (Figure 33A, C, and E) and ST (Figure
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33B, D, and F). Somal C3 in the SNpc was significantly increased in astrocytes following rotenone
exposure, but decreased with PT150 treatment, whereas no significant difference between control and
PT150-treated animals was observed (Figure 33M). C3 in astrocyte processes in PT150 treated animals
was significantly increased compared to both control and rotenone-exposed animals in this same brain
region (Figure 33P). In the SNpr, somal expression of C3 was significantly increased in PT150 treated
animals compared to controls, but is not as high as the rotenone-exposed group (Figure 33N). Process C3
expression is upregulated following both rotenone exposure and PT150 treatment in this anatomical region
(Figure 33Q). Interestingly, C3 expression in both the soma and processes is significantly higher in PT150
treated animals compared to the other groups in the ST (Figure 330 and R).

Morphological changes of the astrocytes, including process length, area, and branching, were
analyzed using Imaris software; representative images of control (Figure 34A and B), rotenone-exposed
(Figure 34C and D), and rotenone-exposed animals treated with 30 mg/kg PT150 (Figure 34E and F) are
shown for the SN and ST, respectively. In the SNpc, no statistically significant difference in cell body size,
determinedby S100p3* cell area, wasobserved between groups (Figure34G). Exposureto rotenone resulted
in astrocytes with decreased process branching (Figure 34P) and length (Figure 34M), but no change in
process area (Figure 34J), compared to controls in this same brain region. PT150 treatment further
decreased process branching (Figure 34P) and length (Figure 34M), but increased process area (Figure
34J) compared to vehicle controls in the SNpc. In the SNpr, significant cell body hypertrophy is
demonstrated in animals exposed to rotenone. This morphologic response was increased in animals treated
with PT150 compared to controls but was not different from rotenone-treated animals (Figure 34H).
Rotenone-exposed animals contain astrocytes with morphology similar to controls, with no significant
differencein process area(Figure34K) or length (Figure34N), butan increasein branching (Figure 34Q).
PT150 treatment significantly increased process branching (Figure 34Q) and area (Figure 34K), but not
length (Figure 34N). In the ST, no evidence of hypertrophic cell body changes were observed (Figure 34I),
although both rotenone exposure and PT150 treatment resulted in process elongation (Figure 340) and

increased branching (Figure 34R) compared to controls. Altogether, these data establish that PT150
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treatment modulated astrocyte reactivity towards a more activated morphological phenotype in a brain

region-dependent manner.

5.3.5 PT150 treatment reduces accumulation of a-synuclein in neurons and alters glial trafficking of
phosphorylated a-synuclein.

Accumulation of a-synuclein was determined by immunofluorescence staining for the aggregation-
prone phospho-serine 129 form of the protein (p129 a-syn) in the SN (Figure 35). The extent of
accumulation of misfolded protein in neurons was determined by analyzing the intensity of p129 a-synin
TH* neurons in the SNpc. Representative images of control, rotenone-exposed, and rotenone + 30 mg/kg
PT150 treated animals are shown (Figure 35). Rotenone-exposed animals had an increase in intra-neuronal
p129 a-syn compared to control animals (Figure 35J). Notably, p129 a-syn expression was reduced in
DAn in the PT150 treated animals (Figure 35]).

To determine the role glia may play in removing or trafficking misfolded a-synuclein in the SN,
p129 a-syn accumulation was also analyzed within GFAP* astrocytes and Iba-1* microglia. There is a
significant increase in p129 a-syn within Iba-1 cells following rotenone exposure (Figure 35K). Animals
treated with PT150 show more p129 a-syn within microglia compared to controls, but significantly less
than the untreated, rotenone-exposed group (Figure 35K). While less p129 a-syn was detected in GFAP*
cells in both the rotenone-exposed and PT150 treated groups (Supplemental Figure 2), ratiometric analysis
of p129 a-syn expression to total synuclein shows that PT150 treatment drives removal of p129 a.-syn in

the SN compared to astrocytes in the rotenone-exposed group (Figure 35L Supplemental Figure 4).

5.4 DISCUSSION

With cases of PD projected to double over the next twenty years, it is imperative that therapeutic
options be developed to improve the quality of life for those who are affected [584]. Current dopamine
mimetics treat the motor symptoms of PD but are ineffective at slowing the progression of disease. Here,

we report that post-lesioning treatment with the GR modulator, PT150, reduced loss of DAn in the SNpc
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of C57Bl/6 mice in the rotenone model of PD. Compared to other models of PD, the rotenone model
accurately recapitulates many of the key pathological hallmarks of PD, including inhibition of
mitochondrial complex I [562]. In parallel to the neuropathological progression of clinical disease, rotenone
neurotoxicity in murine models results in glial reactivity peaking at 2 weeks post exposure, followed by
synucleinopathy and DAn loss in the nigrostriatal pathway by 4 weeks post exposure [563].

PT150 has been described as an allosteric modulator of GR, therefore, we postulated that
therapeutic modulation of this receptor would be neuroprotective by reducing pro -inflammatory activity
amongst microglia and astrocytes, as well as preventing the propagation of misfolded a-syn in neurons. In
the present study, mice were exposed to daily intraperitoneal administration of rotenone or vehicle for 14
days, followed by treatment with vehicle, 30 mg/kg, or 100 mg/kg PT150 by oral gavage for 14 days
(Figure 30). Mortality occurred in approximately 50% of the animals exposed to 100 mg/kg PT150,
whereas 30 mg/kg was well-tolerated, as demonstrated by a mortality rate similar to the rotenone-exposed
group (Figure 30). Oral treatment with PT150 immediately following daily rotenone exposure preserved
the number of TH* neuronal cell bodies in the SN, although no protection of striatal axons was seen (Figure
31). Treatment with PT150 also decreased cytoplasmic inclusions of phosphorylated a-syn in DAn, likely
caused by altered microglial and astrocytic responses in the nigrostriatal pathway. Although incompletely
understood, it is likely that axonal degeneration occurs prior to complete loss of DAn cell bodies, and is the
primary determinant of clinical disease [585, 586]. Therefore, because PT150 treatments began after
treatment with rotenone, it is likely that the majority of degeneration of DAn axons had already occurred.
Although decreased expression of TH is often correlated to neurodegeneration, transmitter-associated
enzyme expression may be independent of neuronal survival following stress or neurotoxic injury [587].
Acute damage mediated by rotenone may result in fluctuations in enzymatic expression in terminals, and
subsequently synaptic dysfunction, but TH immunostaining does not definitively indicate complete
neuronal degeneration in the ST [588]. Although loss of cell bodies is irreversible, neurons within the CNS

have, to a certain extent, the capacity to induce regrowth of axons and rescue function following injury.
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Ultimately, PT150 treatment was neuroprotective, as it was effective at preventing the irreversible loss of
DAn cell bodies in the SNpc following rotenone neurotoxicity.

Neuroinflammation is an early critical feature of PD, and DAnare especially vulnerable to the toxic
effects of pro-inflammatory mediators. Therefore, inhibiting neuroinflammatory signaling has therapeutic
potential [589, 590]. The ability of the GR to modulate key inflammatory pathways identified in PD, as
well as the high quantities of the receptor identified on both DAn and glia in rodent models, suggests that
targeting the GR is a promising avenue for treating PD. While largely anti-inflammatory effects of GR
modulation have been described, it must be noted that GCs do not have solely immunosuppressive actions.
GR agonism can sometimes increase pro-inflammatory responses in the brain, though these inflammatory
actions have, thus far, been described primarily in the hippocampus [591]. The ubiquitous expression of
GRs on parenchymal cells of the CNS also means there is the potential for undesired effects in some cell
populations, such that therapeutics that solely act as GR agonists or antagonists may prove ineffective. This
is demonstrated by other models of PD, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
neurotoxicity, where inactivating astrocytic GRs exacerbated DAn loss [576, 591]. Because PT150 is
thought to allosterically modulate GR by binding to the co-activator domain of the receptor and thereby
inhibit transcription, it may function as a better inhibitor of neuroinflammation that compounds targeting
the ligand binding pocket [580]. In support of this mechanism, we observed decreased number of reactive
microglia in the SNpcin PT150-treated animals (Figure 32). A reduction in microgliosis was not observed
in the ST of animals treated with PT150, as no change in cell quantity was observed, although the cells in
this region had an anti-inflammatory or inactivated morphology (Figure 32). Reactive, or disease-
associated, microglia (DAM’s) are described as having an ameboid-like morphology, with decreased
branch length and volume, as well as increased cell body size [592-594]. They readily produce reactive
species and pro-inflammatory mediators, which, when prolonged, contributes to the progression of neuronal
injury and the misfolding of native proteins into neurotoxic forms [486, 595]. Dystrophic microglia have
been implicated in both clinical and laboratory models of disease, and sustained microgliosis has been

identified in human PD patients [563, 596]. In the present study, the observed reduction in both the number
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and reactivity of microglia in the SNpc in these studies indicates that PT150 treatment reduces pro-
inflammatory microglial responses, but this occurs in a brain region-dependent manner. The suppressed
microglial response following PT150 treatment in the SN may be beneficial, as experimental evidence from
others demonstrates that reducing microgliosis can protect DAn [577].

Although glial reactivity is identified in numerous neurodegenerative diseases, the function of
activated astrocytes cannot be grouped simply as neurotoxic or neuroprotective, but instead resides within
a spectrum of molecular and cellular changes that dictate their function [597, 598]. Chronic or severe
neuroinflammatory activation of astrocytes contributes to neuronal injury, but complete inhibition of glial
activation can lead to pathogenic protein accumulation and the loss of critical homeostatic functions, like
neurotransmitter regulation and cellular repair mechanisms. The extent of astrogliosis was evaluated
through analysis of the quantity, morphology, and secretory phenotype of the astrocytes present in the SN
and ST, including C3* immunolabeling in the cell body (S100p) and processes (GFAP) to identify reactive
astrocytes. Morphological measures included cell body area, the number of branches per process, process
length, and process area. Upon activation, astrocytes increase process complexity and volume, as well as
elongate them, which allows these cells to facilitate cellular communication [599]. Activated cells
upregulate production of complement in an effort to opsonize pathogens and recruit immune cells, but
overactivation of the complement pathway can contribute to neuronal damage and overpruning of synapses
[600]. In the present study, rotenone exposure induced activated morphology and robust production of C3
by astrocytesin the SN and ST (Figure 33 and 34). Unexpectedly, these cellular responses were augmented
following PT150 treatment. An increase in C3 is identified in the cell bodies and processes of astrocytes in
both the SN and ST following PT150 exposure (Figure 33). The astrocytes in these regions also increase
process length and branching, and demonstrate cell body hypertrophy in a brain -region dependent manner
(Figure 34).

This apparent increase in glial reactivity may have neuroprotective functions. More complex and
longer processes on activated astrocytes allows for increased contact with nearby cells and vasculature,

which permits themto stimulate cell-to-cell communication and blood-brain barrier tightness [S99]. During
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disease states, activated astrocytes secrete pro-inflammatory cytokines and other factors, such as glial
derived neurotrophic factor (GDNF) and Gata3, that stimulate neurogenesis [601-605]. Some evidence
postulates that astrocytes can also facilitate neuronal regeneration through their collagen -rich processes,
which form scaffolds for the formation of neurites [606]. Furthermore, while neurotoxic effects of C3 have
been described, it’s role in disease is context-dependent, and therefore may be neuroprotective in some
situations [488]. Complement is involved in cellular activation and recruitment, thereby increasing
microglial responses like phagocytosis, which removes debris and prohibits the formation of misfolded
protein aggregates [607]. Activated astrocytes have also been implicated in the removal of cellular debris
in the ST, which can decrease microglia-mediated degeneration of DAn in the SN [608]. Models of
Alzheimer’s Disease show that C3 deficiency can increase amyloid burden and decrease neuronal viability,
highlighting the neuroprotective function of this protein in the brain [609, 610]. It is possible that the
astroglial reactivity documented in response to PT150 treatment stimulates neuroprotective mechanisms,
enhancing the capacity of these cells to mitigate damage caused by microglial populations and produce
factors that stimulate neuronal regeneration.

Another key pathological feature of PD is the aggregation of hyperphosphorylated a.-syn in DAn
cell bodies of the SNpc. This neurotoxic form of synuclein mediates synaptic disturbances, mitochondrial
and lysosomal dysfunction, and persistent neuroinflammatory signaling; ultimately, this results in
progressive neuronal death [611]. Neurons secrete soluble forms of a-syn, in an effort to reduce toxicity,
thatis then endocytosed by nearby cells. This process allows for cell-to-cell spread of the proteinin a prion-
like manner that results in insoluble aggregates throughout the brain [612-614]. Glia surrounding DAn
phagocytose and degrade secreted a-syn, thereby clearing neurotoxic proteins from the brain. Following
PT150 treatment, a reduction in the accumulation of phosphorylated a-syn is observed in DAn in the SN
compared to rotenone-exposed, untreated animals (Figure 35). A decrease in a-syn within Iba-1* cells also
occurs following treatment, suggesting that the microglia in the SN, which have an anti-inflammatory
morphology, may reduce phagocytosis of a-syn (Figure 35). Interestingly, when evaluating the ratio of

phosphorylated a-syn to total synuclein within astrocytes, an increase in observed (Figure 35,
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Supplemental Figure 4). This suggests that the astrocytes in the SN, which show markers of having an
activated phenotype, may be upregulating their capacity to phagocytose. Although the state of activation in
which astrocytes enhance their phagocytic capacity is sometimes contradictory, such a mechanismhas been
established in reactive astrocytes identified in other laboratory models [228, 381]. This function allows
astrocytes to efficiently remove fibrillar a-syn through lysosomal degradation, decreasing the accumulation
of a-syn in neurons [615]. Although reducing glial responses may be neuroprotective, it can also perpetuate
synucleinopathy. Itis possible that through modulation of gliaby PT150, astrocytes in the SN increase their
capacity for neurotoxic a-syn removal, which promotes DAn survival in the SN.

The computational-based molecular docking studies indicated that PT150 prefers to bind to and
interact with the co-activator site of the ligand binding domain of the glucocorticoid receptor rather than
the steroid binding site (Figure 36). PT150 interacts favorably with the co-activator site, suggesting this as
a site of allosteric modulation that could inhibit transcriptional activity without directly competing for
binding with endogenous corticosteroid ligands. These molecular docking studies support that PT150 may
well function as an allosteric modulator of these receptors, resulting in a mechanism of transcriptional
control. From our modeling we demonstrate that PT150 has the potential to bind the co-activator peptide
site, it is logical to assume that this site would be more accessible over the steroid binding site and that
PT150 may have a higher binding affinity for this site due to a lower steric and conformationally restricted
penalty forbinding. Therefore, itis highly conceivable that PT150 canmodulate both AR and GR signaling
as an allosteric inhibitor by inducing a conformational change in the receptor upon binding the co-activator
domain, leading to mediation of transcriptional activity.

Collectively, this study highlights the potential role of GR modulation as a method of interfering
with the progression of PD neuropathology. We demonstrate that treatment with 30 mg/kg of the novel
therapeutic PT150 following exposure to rotenone reduced microglial reactivity, modulated the astrocytic
response, and interfered with the accumulation of hyperphosphorylated a-syn in DAn. Overall, PT150

reduced the loss of DAn cell bodies in the SN, although was not completely protective, as demonstrated by
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evidence of axonal dysfunction in the ST. Altogether, these findings effectively illuminate neuroprotective

mechanisms of targeting the GR to impede PD neuropathology.
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Figure 30: (A) C57BL/6 mice were treated with 2.5 mg/kg/day rotenone for 14 days, immediately followed by treatment
with either 30 mg/kg/day or 100 mg/kg/day PT150 by oral gavage for 14 days. Groups: Vehicle control, rotenone,
rotenone + 30 mg/kg PT150, rotenone + 100 mg/kg PT150. (B) Survival was reduced in animals treated with 100
mg/kg/day PT150 compared to the other groups. N = 8 mice/group.
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Figure 31: PT150 treatment reduces the loss of dopaminergic neurons in the SNpc. Representative images are shown for the
substantia nigra (SN) and striatum (ST), with immunostaining for dopaminergic neurons (DAn) (TH, red) and total neurons (NeuN, cyan).
(F) Dopaminergic neuron cell bodies were decreased in rotenone-exposed animals, which increased following PT150 treatment. (Q)

Intensity measurements for TH* projecting fibers in the ST showed decreases in TH intensity in both rotenone-exposed and rotenone + 30

mg/kg PT150 groups. Parametric one-way ANOVA analysis performed. N =3 — 5/group. *p < .05; ****p < .0001. Scale bar = 1 mm
(montage) and 20 pm.
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Figure 32: PT150 treatment reduced microgliosis in the SN and ST. Immunofluorescent labeling of microglia (Iba-1, red) and dopaminergic
neurons (TH, green) was performed; representative montage and high-magnification images are shown for the SN (A, F, and K) and ST (B, G,
and L). Cellular quantifications were performed in the SNpc (C), SNpr (D), and ST (E). Morphological analysis was performed using Imaris
software for quantifications of process length (H — J) and the number of process branches (M — O); skeletonized renderings are shown for the SN
(A, F, and K) and the ST (B, G, and L). Nonparametric one-way ANOVA with Dunn’s correction analysis performed. (N = 3 — 5/group). ns = not
significant; *p <.05; **p <.01; ***p <.001; ****p <.0001. Scale bar = 500 um.
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Figure 33: Astrocyte populations were modulated following PT150 treatment. Immunofluorescent
labeling of astrocytes (GFAP, green; S100p, red; C3, cyan) was performed; representative montage and
high-magnification images are shown for the SN (A, C, and E) and ST (B, D, and F). The quantity of
S100B" cells is shown for the SNpc (G), SNpr (H), and ST (I). Immunostaining was quantified for the
maximum expression of GFAP (% per regional area) in the SNpc (J), SNpr (K), and ST (L). Maximal
C3 expression in S100B" soma and GFAP" processes was determined within the SNpc (M, P), SNpr
(N, Q), and ST (O, R), respectively. Nonparametric one-way ANOVA with Dunn’s correction analysis
performed. (N =3 — 5/group). ns = not significant; *p <.05; **p <.01; ***p <.001; ****p <.0001.
Scale bar = 500 um (montage) and 20 pum.
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Figure 34: Astrocyte morphology was modulated following PT150 treatment. Morphological analysis was performed using CellSens for
quantification of cell body area (G — I) and Imaris software for quantifications of process area (J — L), process length (M — O) and the number of
process branches (P — R); skeletonized renderings are shown for the SN (A, C, and E) and the ST (B, D, and F). Nonparametric one-way ANOVA
with Dunn’s correction analysis performed. (N =3 — 5/group). ns = not significant; *p < .05; **p < .01; ***p < .001; ****p <.0001.
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Figure 35: PT150 treatment reduced ¢-synuclein accumulation in dopaminergic neurons, but increased glial trafficking.

Immunofluorescent labeling of a-synuclein phosphorylated at serine 129 (p129, cyan), dopaminergic neurons (TH, green),

microglia (Iba-1, red), and astrocytes (GFAP, yellow) was performed; representative high-magnification images are shown for the

SN. Maximal p129 expression within dopaminergic neurons (D), microglia (H), and astrocytes (L) was determined. Nonparametric
one-way ANOVA with Dunn’s correction analysis performed. (N = 3 — 5/group). ****p <.0001. Scale bar = 20 um.
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CHAPTER 6 — CONCLUSION

Neurodegenerative diseases affect millions of individuals worldwide and, despite over a century
of research, our complete understanding of the mechanisms that contribute to disease and potential
therapeutic interventions is lacking. Our knowledge of the genetic, age-related, and environmental factors
that contribute to disease is limited, as the etiology of PD and AD is largely unknown. This is
complicated by the fact that not every individual exposed to a neurotoxicant or experiencing normal aging
is diagnosed with clinical disease, which indicates that disease is likely the result of the compounding
effect of multiple factors in tandem with aging neuropathology. Additionally, numerous individuals
without a known exposure to a neurotoxicant progress into disease, which suggests that other factors that
are not yet identified contribute to susceptibility. The unknown interplay between peripheral infections
and the brain, lack of a laboratory model to appropriately study aging neuropathology, and our incomplete
understanding of how glial mechanisms drive disease are all research hurdles.

Although Mycobacterium tuberculosis (Mtb) has been associated with increased susceptibility to
neurodegenerative disease, the cellular changes that facilitate clinical symptomology is incompletely
understood. The data herein describes cognition deficits, glial changes, modulation of the blood-brain
barrier (BBB), accumulation of misfolded proteins, and neuronal loss that altogether reveal a potential
driver of neurodegenerative disease in human patients. Not only do these data highlight the neurological
effects of a disease that affects millions globally every year, and disproportionately influences vulnerable
populations, but it also highlights the impact peripheral infections may have on the brain, even without
dissemination of infectious agents to the central nervous system.

The lack of evidence that Mtb has penetrated the brain suggests that neurotoxicity is not in direct
response to the bacteria itself; subsequently, future studies should be performed to explore the neurotoxic
mechanism(s). Hypotheses include the generation of microbial antigens, such as cell wall constituents or
bacterial DNA, that are known to enter the circulation and may penetrate the brain as well as stimulation

of peripheral nerves innervating the lung, both of which could elicit pro-inflammatory glial responses.
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Furthermore, while the data herein feature neurological changes that occur in response to Mtb infection of
peripheral tissues, it is unknown if these changes are augmented by persistent infection, norif they can be
reversed by standard antibiotic treatment. Along these lines, further study should be performed to
determine if latent or subclinical TB disease, which is the primary clinical presentation of Mtb infection
worldwide, elicit the same neurological changes.

Additionally, the lack of current laboratory models that accurately recapitulate aging
neuropathology prevents successful scientific and clinical progress. Natural aging and neurodegenerative
diseases substantially overlap in their neuropathological presentation, which implies that a better
understanding of brain aging may also uncover important mechanisms that drive disease. Although
numerous models of aging and neurodegeneration exist, they are typically transgenic murine models,
which are not an accurate representation of neuropathological progression in most people who are
diagnosed with disease or suffering from age-related deficiencies. Larger in vivo models, including
companion animals and non-human primates, have been implicated as ideal models of disease, but are
impractical in a laboratory setting. The Dunkin Hartley guinea pig may be a promising alternative, as this
strain presents with not only age-related changes in peripheral systems, but also key neuropathologies
which include glial changes, modulation of the BBB, misfolded protein accumulation, and neuronal loss.
While valuable, data addressing mechanistic initiators of neuropathology and a more comprehensive
evaluation of both neuronal dysfunction and protein misfolding will heighten these data. This includes
exploring the how senescence-associated secretory cell phenotypes may contribute to neuroinflammation
and cognitive dysfunction.

Finally, though glia have been routinely implicated in disease progression, their exact role is
mysterious. Production of pro-inflammatory mediators and aberrant phagocytosis contribute to the
degradation of neurons, but eliminating glia altogether is not neuroprotective. Using a novel drug termed
PT150, which allosterically binds to the glucocorticoid receptor, we uncover neuroprotective mechanisms
mediated by glia in models of neurodegenerative disease. Modulating microglia to reduce pro-

inflammatory signaling, and astrocytes to stimulate removal of neurotoxic proteins from the brain,
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prevents the degradation of dopaminergic neurons in the substantia nigra in a rotenone model of PD. In
addition to obtaining critical information regarding neuroprotective roles of glia in disease, these data
uncover the therapeutic potential of targeting the glucocorticoid receptor. Ultimately, such results
establish that further comprehensive investigation should be performed to determine what aspects of glial
activation drive disease, and methods of modulating these responses to preferentially dictate their
function.

Altogether, the studies described herein provide substantial contributions to the field, describing
potential etiologies of disease, proposing a laboratory model of aging, and identifying neuroprotective
mechanisms by glia that altogether dramatically improve our current understanding. Further efforts
should be made to more thoroughly investigate how peripheral infections, like respiratory infection with
Mycobacterium tuberculosis, results in neurological deficits. The combination of infectious disease in the
Dunkin Hartley aging model may also showcase how multiple environmental or physiological factors,
which more closely mimic exposure throughout a person’s lifetime, alter glia and exacerbate pathology

compared to a single exposure.
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