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Na, K, 2C co-transporter. This can lead to impaired BBB function and altered brain
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Figure 13: Microglia Soma changes with Acute NNK Treatment. A & C) IMARIS
generated 3D reconstruction and ML learning segmentation of microglia soma (green) with
vessels (red). B & D) IMARIS generated heatmap showing microglia soma arranged by
volume. Blue shifted items represent smaller volumes and red-shifted items represent
larger volumes. Vessels are shown in grey. E) histogram of microglia somas arranged by
volumes in bins of 100um?. F) Box plot of microglia soma volumes in pm?, n=3. G)
Boxplot of microglia soma distance to vessel in um, n=3. ***p <0.0001, Mann—Whitney

U test.
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Figure 14: Classification and quantification of 2D microglia morphology. A)
Classification of microglia using soma area revealed an increased number of activated
microglia in acutely treated NNK mice. B) Matrix of association graphical representation
of NNK vs PBS microglia morphological state. Data demonstrates that NNK has a positive
association with activated and a negative association with surveying microglia. The
opposite is true for the PBS group. Pearson’s chi square score = 14.39, DF=1, p-value =

0.0001485.
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Figure 15: Association analysis of microglia soma and proximity to vessel. A&C)
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segmented using machine learning. Green is eGFP expressing microglia and red is Evans
Blue labeled blood vessels. B&D) IMARIS generated color-coded rendering of control z-
stack with blue-shifted items representing somas closer to vessels and red-shifted items
representing somas away from vessels. E) Matrix association analysis of microglia somata
grouped into contact (<Sum), close to vessel (>5 to 30um), and far (>30pum). Acutely
treated mice with NNK show a positive association with contact and close classification
but a negative association with far. The opposite is true for PBS-treated mice. Pearson’s

chi square score = 39.36, DF=2, p=2.828".

Figure 16: Effects of chronic NNK treatment on microglia somas. A) Matrix association

analysis of microglia somata grouped into contact (<5um), close to vessel (=5 to 30um),

and far (>30um). Chronically treated mice with NNK show a positive association with

contact classification but a negative association with close and far. The opposite is true for
PBS-treated mice. Pearson’s chi square score = 153.73, DF=2, p=2.2716, B) Tabulation of

microglia divided into two groups, surveying and activated. C) Matrix of association 65
analysis of NNK vs PBS microglia morphological state. Data demonstrates that NNK has a

positive association with activated and a negative association with surveying microglia.

The opposite is true for the PBS group. Pearson’s chi square score = 16.68, DF=1,

p=4.412. D) Box plot of microglia soma volumes in pm?, n=3. E) Boxplot of microglia

soma distance to vessel in um, n=3. ***p < 0.0001, Mann-Whitney U test.

Figure 17: Vessel dynamic changes in time series. A & B) Representative images of vessel
dynamics in NNK treated mice. Vasodilation was noted and lines (1-4) were added for the
distinction of vessel diameter change. C) NNK exposed mice also revealed

microhemorrhaging, the last 2 panels show apparent clearing of leaked blood. %

D)Vasoconstriction was observed and sustained for more than 3 minutes. No hemorrhage

was noted at this site. E) Tabulation of vascular events observed in all samples. A
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comparison of control to NNK shows distinct separation between the two groups. No
events of vasoconstriction or microhemorrhage were observed in control subjects. Evans

Blue labeled vessels are represented in re and microglia in green for all images.

Figure 18: Vascular events seen in chronically NNK treated mice. A) Representative
images of vessels going through multiple vascular events (vasodilation, vasoconstriction,
and microhemorrhage). B) Tabulation of vascular events in PBS vs NNK. NNK group saw
a sharp increase when compared to PBS. Evans Blue labeled vessels are represented in re

and microglia in green for all images.
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Figure 19: Representative immunofluorescence images of extracted tissue. A & B) whole
sagittal section imaged at 5X with 3 channels (GFP-green, GFAP-magenta, PSD95-red). C
& D) representative images of 40X imaging showing microglia, astrocyte, and synaptic
distribution (scale bar-20um). E & F) representative images of 20X imaging in cortical

regions showing microglia morphology and distribution (scale bar-20 pum).
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Figure 20: Schematic representation of the proposed model. Under normal conditions, the
BBB controls the traffic of molecules from circulating blood into neural tissue (top). The
introduction of toxicants interacts with endothelial cells inducing cellular damage and
creating ROS stress. Sustained OxS leads to TJ disfunction and opening of BBB. The
content of vessels can then spill into neural tissue and the content of vessels interact with
neuronal cells including microglia inducing activation and morphological changes

(bottom).
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Abstract

4-Methylnitrosamino-1-(3-pyridyl)-1-butanone (NNK) is a nicotine metabolite produced within the
tobacco plant, from combustion, and from metabolic breakdown. Cigarette Smoke (CS) continues to be a
leading cause for decline of quality of life as well as deaths globally. While the link to poor health and
eventually early death has been accepted for decades, it is increasingly recognized that smoking may
contribute to a broad range of disorders. Epidemiologically, CS has been associated with
neuroinflammation and several neurological disorders including Alzheimer’s disease, stroke, and multiple
sclerosis. While direct links are not fully understood, studies in a humanized flow-based in vitro blood-
brain barrier model used CS extract to show that CS can have pro-inflammatory effects and promote loss
of BBB function and viability. Moreover, other studies have found that CS extract exacerbates
hyperpermeability of cerebral endothelial pointing to disruption of the integrity of the BBB. CS is also
linked to increased oxidative stress in neurons, microglia, and astrocytes in both in vivo and preclinical
models. In one study, NNK was suggested to induce glial activation sustained from 4 to 12 days when given
IP in mice. While studies of the direct effects of CS are valuable the composition of chemicals is complex
and highly variable. Another approach is to study the effect of a prominent component. Extensive cancer
literature has established NNK as an important component of CS for having a direct effect on DNA mutation
and its ability to bind and activate nicotinic acetylcholine receptors (nAChRs). However, little is known
about the specific effects of NNK on the BBB or microglial dynamics particularly as they relate to the
vasculature and across multiple areas. Here we show that NNK when given through an intranasal route,
both in acute (4 days) and chronic (12 weeks) exposures, leads to both disruption of the BBB and vessel-
localized microglia activation that is highly localized to the vasculature, the latter of which shows increased
vasospastic activity. To investigate microglial and vascular responses to intranasal NNK in vivo, we
combined the use of a transgenic mouse line (CX3CR1-GFP) with intravital neuroimaging. Single

volumetric images and time series of up to an hour were taken to assess spatial and dynamic observations.
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A machine learning algorithm was employed to segment microglial soma from processes and analyses were
performed to evaluate morphometry as well as associations with the vasculature. Results indicate that
microglia activation was found to be heterogeneous; that is activated microglia and ramified microglia
existed within the same field of view with activated glia in contact or localized to the vasculature. NNK-
treated animals displayed a quantitative increase in vessel-associated microglia (VAM) compared to PBS
controls. Temporal analysis in those sites showed VAM microglial sustained an ameboid appearance over
time and clustered near the vessels. An increase in vascular events, including vasoconstriction, vasodilation,
and microbursts, were observed in NNK-treated animals suggesting a pronounced effect of NNK in
vasculature. In chronic treatment, the mentioned effects were sustained and in some cases exacerbated.
Taken together, these results suggest an immunomodulatory effect of NNK marked by sporadic and highly
localized microglia activity accompanied by vascular events which over the long term can produce
pathophysiology that could contribute to or exacerbate ongoing or developing disease processes. This work
lays the groundwork for studies that examine the potential role of other components in cigarettes or e-cigs

as it relates to neurological disorders.
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Chapter |

Introduction

It has been long known that cigarette smoke (CS) is associated with lung disease, coronary heart
disease, and complications in pregnancy® 2 but more recently effects on the brain have been discovered with
research showing an association with neuroinflammation and several neurological disorders®®. CS is made
up of a horde of chemicals, including nitrosamines, heavy metals, and reactive oxygen species (ROS)¢, that
quickly flux into the nasal and oral mucosa, the lining of the epithelial airway, and ultimately spread into
body tissues, through blood circulation. These different CS toxins have immunomodulatory effects, which
in turn trigger inflammatory mediators, like cytokines and chemokines that can lead to neuroinflammation®
’. 1t should be noted that deleterious effects of CS and its constituents occur despite the potentially protective
effects of nicotine®. Recent studies have also indicated that chemicals, such as nitrosamines, in CS (and
incidentally, also found in electronic cigarettes) specifically lead to neuroinflammation with effects that

could contribute to the development of neurodegenerative disorders like Alzheimer’s disease (AD)%,

1.1 Detrimental Effects of Cigarette Smoke

CS is the leading cause of cancer-related death in the world, and it’s associated with approximately
480,000 deaths per year in the United States, including more than 41,000 deaths resulting from secondhand
smoke exposure (CDC, 2020). Combustion of tobacco contained in cigarettes comprises of at least 7000
chemicals, including polycyclic aromatic hydrocarbons (PAHS), volatile hydrocarbons, aromatic amines,
aldehydes, phenols, nitro compounds, N-nitrosamines, of which many have been linked to deleterious
effects such as the development of cancer, chronic obstructive pulmonary disease (COPD), and stroke.* 1
While nicotine is generally accepted as non-carcinogenic, new evidence suggests that it can be bio-
converted within the cell into dangerous metabolites that include the nitrosamine 4-methylnitrosamino-1-

(3-pyridyl)-1-butanone (NNK) known for its carcinogenic effects. Nicotine, and its metabolites such as
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NNK, also promotes cancer by activating signaling pathways facilitating cancer cell growth, angiogenesis,

migration, and invasion.°

CS has been shown to lead to cancer through multiple pathways. These include: (1) the direct
exposure to carcinogens (e.g., PAHs & N-nitrosamines), (2) the formation of DNA adducts, and (3) the
accumulation of permanent somatic mutations in critical genes (Fig. 1). A number of carcinogens in CS
require conversion into active forms of the compounds through enzymatic activity within the cell. One
example of such metabolic activation through enzymes is the conversion of CS compounds by cytochrome
P-450 enzymes (P-450s) .12 P-450 converts compounds present in CS into forms that can covalently bind
to DNA and form DNA adducts. These specific types of enzymes have been shown to catalyze reactions of
PAHSs and induce metabolic activation.*® Additionally, P-450s are inducible by other compounds including
isotype specificity.’?These enzymes are central to cancer formation and therefore as targets in cancer

treatment.**
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Metabolic activation of CS compounds plays a central role in cancer formation. However, certain
compounds can form DNA adducts without activation through enzymes. These include the nitrosamine
class of compounds readily found in CS. It is well established that nicotine can undergo chemical
conversions into NNK, N’-Nitrosonornicotine (NNN), and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol
(NNAL).™ Catalyze-independent conversion of nicotine into nitrosamines can then lead to DNA adducts
(Fig. 2).* Nicotine and nitrosamines (i.e., NNK, NNN,) are also implicated in tumor promotion by
activating nicotinic acetylcholine receptors (nAChRs) and B-adrenergic receptors (B-AdrRs), leading to

downstream activation of parallel signal transduction pathways that facilitate tumor progression.*?
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Comepelling evidence point to higher DNA adduct levels in samples from CS users than in
corresponding tissues of nonsmokers.'® Thus it is believed that DNA adduct formation is one of the major
pathways in which cancer formation occurs in CS users. Propagation of such damage with repeated
exposure to CS, as is the case with typical nicotine product usage, explains the high incidence, and variety,
of cancers in CS users. In addition, the continuous activation of nAChRs and subsequent increased

metabolic demand provide an optimal environment for the development of cancers.

1.2 Cigarette Smoke and Oxidative Stress (OxS)

CS has been well established to exert effects throughout the body with damaging effects on the
cardiovascular and respiratory systems. As CS is rarely precise in terms of exposure for both content and
route, multiple organ systems can be affected at different time frames with different outcomes. The
respiratory system tends to be one of the most severely affected systems by CS exposure. This system is
comprised of the nose, pharynx, larynx, trachea, bronchi, and bronchioles. Inhaled CS moves through the
respiratory system in that order where more soluble gases are adsorbed, and particles are deposited in the
airways and alveoli. Due to the nature of tobacco smoking pattern of use, insults are of a repetitive and
sustained nature that decreases the chances of repair process resulting in scar tissue which locally stiffens
its structure, and over time leads to a serious loss of lung function and increasing morbidities.!” Most
notably, CS has been linked to about 80% to 90% of lung cancer deaths in the United States .'?> These
statistics only included firsthand smoking and exclude potential damages from second and third-hand
smoke. As previously discussed, the mechanism of CS that lead to cancer has extensively been studied.
However, other molecular targets and mechanisms exist outside of its pro-cancer effects. Moreover, CS
exposure can lead to increased susceptibility to infections due to structural changes and immunomodulatory
effects it exerts on lung tissue.'® Remarkably, the ability of CS to increase OxS burden has received limited

attention.
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The lungs are directly exposed to ambient air at large volumes from normal respiration and as so,
it is exposed to exogenous oxidants. Internal sources of OxS may come from native lung cells.'? These are
often tightly regulated by sophisticated enzymatic and nonenzymatic antioxidant systems.*® Among the
consequences of OxS from CS are direct damages to DNA, RNA, amino acids, lipids, and an imbalance of
oxidants to antioxidants(Fig.3).2° However, the alteration of the cellular redox state, caused by CS, in the
lungs can further enhance the production of ROS and worsen the burden of oxidate stress throughout the
body.® Carcinogens within CS can also have marked effects on oxidative stress. Molecules such as NNK
and NNN have been shown to affect the redox state of the cell during malignant transformation in different

types of cells including endothelial and endothelial cells.?! 22

Incidentally, CS has also been linked to cardiovascular diseases (CVD) and it accounts for nearly
20% of all deaths from CVD per year.'> 224 CS can influence other risk factors related to CVD including
glucose, insulin, and cholesterol levels.*? However, CS can independently and synergistically increase the
risk of CVD even when adjusting for other comorbidities.!* Given that the cardiovascular and respiratory
systems are so closely intertwined, it naturally follows that disruption of one affects the other. One
noteworthy pathway that is disrupted in these two systems is the cellular redox state. Particularly, the
endothelium of the vessels seems to show distinct effects when exposed to CS by disrupting the endothelial
nitric oxide synthase (ENOS) pathway.?® This pathway is intimately involved with OxS as superoxide, an
oxidant byproduct of mitochondrial respiration, reacts with nitric oxide (NO) to form peroxynitre anions,
another type of oxidant.?® 2" Additional groups of molecules that are commonly found in CS are N-
nitrosamines. These have been found to increase levels of markers commonly used for the detection of
CVD including lipid peroxidation and OxS markers.? As previously discussed, (Fig.3), OxS can have a
profound impact on cellular function. These events can form a cascade of damage that can explain the

multi-organ effects seen in CS usage.

OxS has been established as one of the major pathways of insult caused by CS. The diversity of

chemicals in CS brings about a varied selection of potential pathways to cause oxidative stress. Moreover,
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it plays a major role in various diseases such as lung cancer, chronic obstructive pulmonary disease (COPD),
and atherosclerosis. In addition to increased oxidative stress, CS can also deter the antioxidant defense
system leading to a significant unbalance. Furthermore, recent works have shown that even in nicotine

products with simpler compositions, such as e-cigs, OxS can have similar effects.?%-3

1.3 Effects of Cigarette Smoke on the Brain
1.3.1 Introduction to Cigarette Smoke in the Brain

Undoubtedly CS has effects on the CNS as the only reason for tobacco consumption is the effects
induced by nicotine. These include a slight feeling of euphoria, relaxation, and feeling of satisfaction that
are caused mostly by nicotine’s ability to bind and activate nAChRs in the mesolimbic area, the corpus
striatum, and the frontal cortex among other areas.*® The chances of becoming addicted to CS after a single
use are as high as 32% making it more than other highly addictive drugs such as heroin (23%), cocaine
(17%), and alcohol (15%).4-5! Moreover, CS has been associated with neurological diseases both in
epidemiologically and mechanistic studies.'® 4% 52 53 Studies indicate that smoking can assist in the
generation of ROS, subsequently aiding in the progression of the BBB impairment by sustained
inflammatory activity® °. It is also known that dysfunction of the BBB is present in individuals suffering
from neurodegenerative disorders, such as Alzheimer’s disease and other types of dementia®. Additionally,
microglia have been shown to play an important part in the progression of neurodegeneration through
sustained signaling of inflammatory factors®. Recent mounting evidence has shown that microglia
activation leads to the production of amyloid B (AB), tau pathology, neuroinflammation, and reduction of

normal neuronal function® %,
1.3.2 Effects of CS and NNK on the Brain

CS contains a rich and diverse amount of chemicals, including N-nitrosamines and nicotine among

others.!? N-nitrosamines such as NNK are among the most potent carcinogen in CS. Nicotine can undergo
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nitrosation within the cell, at the tobacco plant, with tobacco combustion or interact with ambient nitrogen
to be converted into NNK and NNN which can then form DNA adducts and promote genetic damage and
mutations (Fig.2).> 32 NNK can also metabolize into NNAL, another strong oncogenic chemical found in
CS which itself have several oncogenic and bioactive forms (Fig. 4).23% When NNK reacts with DNA it
can form 7-N-methylguanine (7-mGua) and O®-methylguanine (O6-mGua) as well as small amounts of O*-
methylthymine (O4-mTh) (Fig.2).X® The mutagenic capacity of these varies with O5-mGua showing high
mutagenic activity when compared to other forms.® This is due in part to the low efficiency of the DNA

repair mechanism when dealing with O5-mGua as opposed to 7-mGua and O4-mTh .%
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298  Figure 4: NNK metabolism pathways. Adapted from Hecht 1998.%
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However, the effects of NNK are not limited to adduct formation. As previously mentioned, NNK
has been found to be able to bind and activate nAChRs promoting cellular pathways including metabolic
pathways.® 3 CS consumption typically promotes an increase in o7 homomeric nicotinic acetylcholine
receptors (a7nAChRs) which have been shown to promote tumor growth but have also been implicated in
cardiovascular disease and immune function.*®#! The brain presents a particularly vulnerable target due to
the wide distribution of nAChRs, primarily a7nAChRs (Fig.5).#> NNK has also been shown to decrease
levels of gamma-amino butyric acid (GABA) while it’s regulated by 04p2nAChR, which is desensitized in
smokers.!®“ This presents an issue as 04p2nAChR regulates inhibitory actions that can potentially hamper
deleterious effects of NNK activation of a7nAChRs.** Moreover, NNK has been linked to OxS directly by
the creation of 8-hydroxy-2'-deoxyguanosine (8-OHdG) adducts, a lesion generated from ROS that is used
as a marker of DNA oxidative damage.* Although the mechanisms of NNK-induced OxS are not well
understood, it is evident that it can play a role in the detrimental effects seen with this molecule. Thus, the
upregulation of a7nAChRs, desensitization of 04p2nAChR, lowers levels of GABA and direct increase of

OxS offer an attractive explanation for the effects seen in NNK exposure.
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NNK is among some of the strongest carcinogens found in CS with well-established literature
addressing mechanisms of action in lung pathology.*® These include the formation of DNA adducts and
DNA oxidation which leads to aberrant cell function.**” NNK has, as well, been found to be able to bind
and activate nAChRs and promote cellular pathways including metabolic pathways.® *° Studies have also
shown that NNK has immunomodulatory effects in alveolar macrophages, a member of the mononuclear
phagocyte system of which microglia are a part of.*® The combination of these mechanisms can increase
activity in cells with damaged DNA promoting further OXS to create an optimal microenvironment for

aberrant cell function.
1.4 Key Players in Brain Homeostasis
1.4.1 Microglia

Microglia play an essential role in proper neuronal function as the resident macrophage cells in the
CNS, which are accountable for the quick response to pathogens and other infiltrates®. Chronic activation
and enhanced proliferation of microglia can contribute to sustained release of inflammatory factors, leading
to reciprocal effects like BBB breakdown®. Morphological changes in response to insult have been a
classical method for detecting a shift from homeostatic function to “activated” microglia (Fig. 6). However,
there is limited knowledge about the molecular changes that accompany morphology change.>” %8 Similarly
to macrophages in the rest of the body, microglia operate in a manner that can be destructive to surrounding
tissue upon the detection of insult.>® Is it, therefore, that the activation of microglia must be tightly
controlled as over-reactive microglia can cause unnecessary damage, but under-reactive microglia can

result in dysfunction of other cells.5’
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Under normal conditions microglia dynamically respond to events such as synaptic pruning,
clearing dead and surplus cells while remaining “inactivated” .** Using morphological changes, studies
have been able to establish the surveying neighborhood of microglia to be about 10 times its cell body
size.®? It was believed that microglia soma remained static and that its projections performed and received
all the changes.®* % However, recent evidence has pointed to a more dynamic involvement of the microglia
soma in both surveying and pathological conditions.®® %5-6” Microglia can also have temporal and spatial
heterogenicity. Changes of function over time are apparent in both neuronal development (e.g., fetal to
juvenile to adulthood, etc..) and homeostatic function; while recent evidence has pointed to differences
between microglia residing in different brain regions, such as the cortex, hippocampus, and cerebellum,
displaying distinct glial makeup.®® % During insult, microglia have been shown to mediate synaptic
phagocytosis, response to chemical signaling, induce an inflammatory response, and mediate myelination

(Fig. 6).7
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Figure 7:7 Microglia function during insult. A) Synaptic loss and phagocytosis are mediated by microglia
during normal function. B) microglia respond to tissue signhaling molecules during injury allowing for
movement towards the affected area. C) Local inflammation and microglia-mediated inflammation trigger
the release of inflammatory cytokines inducing astrocyte reaction. D) Microglia mediated demyelination
and remyelination in response to aberrant myelination processes and insult. Adapted from Li & Barres.

2017.
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Previous studies have shown that persistent microglia-mediated inflammation in the brain affects
neuronal plasticity, impairs memory, and can drive tissue damage in neurodegenerative disorders. Microglia
were shown to have distinct signatures in neuroinflammatory disorders that were also found in
neurodegenerative disorders suggesting a common subset of microglia population shared between the two.™
As previously mentioned, the effects of CS at the cellular level include genetic damage and increased
oxidative stress, both of which have a profound and diverse impact throughout the body. The mechanisms
creating these effects seemingly have a two-prong effect on the immune system by either exacerbation of
pathogenic immune responses or attenuation of defensive immunity. These properties can create complex
reactions resulting in different diseases such as CVD, cancer, and COPD among others.”? In the brain, CS
exposure can alter brain function in multiple manners including response to insult. Studies have shown that
CS can lead to decrease levels of markers of activation in microglia.” However, others showed that while
markers of activation in microglia remain low, morphological changes to an activated state do occur.
Findings also point to a differential effect observed in different regions, namely the nucleus accumbens

showing a proinflammatory state with elevated ROS levels while the caudate putamen showed no change.’™
1.4.2 The Blood Brain Barrier

Due to its limited repair ability, the CNS must control any and every particle it comes in contact
with. This is mainly achieved through the BBB. The BBB is a multicell construct consisting of endothelia
cells, pericytes, capillary basement membrane, and astrocytes, in a structure called the neurovascular unit
(Fig.7). Due to the heterogenicity and dynamic nature of neural tissue, the BBB must maintain a highly
restricted environment and meet different regional demands.”™ One such example of the specialization of
these components are the endothelial cells and their modified abilities to restrict the flow of molecules by
the use of thigh junctions (TJ), limited presence of caveolae at the luminal surface, and a high number of
mitochondria.” Interestingly, endothelial cells of the BBB also express drug-metabolizing enzymes such
as P-450, an enzyme that has been implicated in procarcinogen conversion of CS compounds.”” Endothelial

cells share the basement membrane with pericytes and allow for the exchange of ions, metabolites, and
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signaling molecules for coordination of function. Pericytes can also perform contractile functions to control
blood flow, perform phagocytic functions, and have been shown to have multipotent stem cell
capabilities.” "® Moreover, the BBB is comprised of astrocytes and, as the most abundant cell in the CNS,
these play a major role in performing pH regulation, neurotransmitter uptake, maintenance of parenchymal
space, and neuron-to-vasculature signal transduction.”® As is often the case with complex systems,

dysfunction of one component can impact others creating an unbalance in the intricate equilibrium.
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399  Figure 8: cells and constituents associated with the BBB. Adapted from Kadry et al. 2020.7
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Notably, CS can affect one or more components of the BBB as it is the first point of contact of CS
toxins in CNS exposure. Cell culture studies have shown that ROS can directly break down the BBB by TJ
modification®. Due to the high content of ROS within CS, acceleration of TJ disruption occurs in the
BBB8L. Chronic exposure to CS has also been linked to small vessel ischemic disease (SVID), a disorder
characterized by leaky micro-vessels in the brain leading to loss of BBB integrity and function. Hossain et
al showed that CS decreases endothelia viability but not astrocytes or monocytes and at lower
concentrations, CS showed increased pro-inflammatory cytokines.®! Nicotine, and its metabolite cotinine,
also play a role in BBB disruption. In an, in vitro BBB model of bovine brain microvessel, endothelial cells
(BBMEC) treatment with nicotine and cotinine showed a decrease in zonula occludens-1 (ZO-1) that was
mediated by alpha7 nAChR (Fig.8). 8 Nicotine has also been shown to disrupt the Na* K* 2CI™ co-
transporter which can introduce an unbalance in the BBB and potentially alter the response to normal and
pathological conditions (Fig.8).% Nicotine and OxS can work synergistically to promote BBB dysfunction

and potentially explain effects that have been observed in chronic CS users.5 &
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Figure 9:° Exposure to nicotine impairs BBB function. Nicotine decreases the expression of ZO-1, which
is a critical component of a variety of tight junctional proteins and that of the Na, K, 2C co-transporter. This

can lead to impaired BBB function and altered brain homeostasis. Adapted from Mazzone et al. 2010.
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1.4.3 Oxidative Stress in the Brain

As previously mentioned, (section 1.2) CS has been consistently linked to oxidative stress. The
persistent creation of OxS through CS exposure can have profound effects at the cellular and functional
level.® OxS can also become self-propagating as it can induce cellular damage and inflammation and
therefore creating further oxidative stress.® This combined with the brain’s poor capacity to deal with OxS
can lead to deleterious effects in a cell population with limited regenerative capabilities. That is perhaps the
reason why OxS and altered levels of antioxidants have been reported in multiple neurodegenerative
disorders and psychiatric illnesses including AD, Parkinson's disease (PD), Huntington's disease,

depression, anxiety disorders, schizophrenia, and autism spectrum disorders.®

Due to the heterogenicity of the brain, OxS can have region-specific levels of damage. Studies have
noted that the hippocampus, amygdala, and prefrontal cortex are some of the regions that have a higher
susceptibility to oxidative stress.®® 8 These regions are known to have several roles including memory
processing and formation. Most notably, the hippocampus plays a major role in learning and memory while
it has been noted that this region is one of the most metabolically active regions of the brain with a
preference for glycolysis, a metabolic pathway that is prone to oxidative stress, instead of other pathways
like the pentose phosphate pathway (PPP) which have been shown to be partially protective against
oxidative stress.?89! Regional differences in the brain offer an attractive potential explanation for why
certain diseases might affect some regions more than others or how toxicants, such as those found in CS,

can seem to “target” certain regions of the brain.

Increased OxS burden due to CS consumption coupled with OxS-prone regions in the brain can
offer a possible path to explain the acceleration of pathology observed in neurodegenerative disorders in
habitual smokers. These observations might also offer insight into the mechanisms involved in some of the

cell-specific effects observed in CS users such as microglia activation and the endothelia of the BBB.

1.4.4 Cigarette Smoke and Alzheimer’s Disease
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AD is a neurodegenerative disorder that affects around 50 million people worldwide and it’s
expected to increase to 113 million within the next 30 years.®? It is typically characterized by AB-
containing plaques and tau-containing neurofibrillary tangles that gather in neural tissue and alter synaptic
function creating the characteristic cognitive impairment seen in AD.* Typically, AD confers two types of
changes including a positive lesion (accumulation of tangles and plaques) and negative lesion (loss of neural
tissue).%® % Senile plate formation occurs as AP is deposited extracellularly after proteolytic cleavage of
amyloid precursor protein (APP) by B-secretase and y-secretase. Neurofibrillary tangles are formed of
hyperphosphorylated tau protein that accumulates within neurons and causes a loss of cytoskeletal
microtubules and tubulin-associated proteins.® Loss of neurons is seen in advanced cases of AD; however,
initial events of synaptic loss can be seen at earlier time points where the loss of dendritic spines, pre-
synaptic terminals, and axonal dystrophy occur.®®> AD can have multiple factors that increase the risk of
development. Most notably these include age, genetics, metabolic diseases (diabetes and vascular diseases),
and toxicant exposure through environmental factors or lifestyle (such as CS exposure from first, second,

and third-hand smoke) among others (Fig.4).
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Multiple mechanisms have been linked to the progression of AD and as a potential risk for its’
development. Mainly, increase in OxS, DNA adduct formation, altered metabolic state, and vascular
function disruption.®® %% These have also been linked to worsening of risk factors linked to AD such as
increased rate of infection, decrease capacity for injury repair, metabolic syndrome and CVD.!? The
collective body of research addressing CS as a risk factor for AD has been gaining momentum especially
since the tobacco industry and affiliates stopped funding research into the matter.%* % The studies strongly
indicate that a history of smoking, whether it is a former or active smoker, is a significant risk factor that
falls under the modifiable criteria. CS is not only associated with earlier onset of AD but also a reduction
of lifespan of an average of 10 years > This can potentially create a survival bias in studies as the number
of elder smokers is reduced in these studies due to premature death. Moreover, studies have found that other
morbidities associated with CS, like CVD, cancer, and COPD among others, may limit the inclusion criteria

and augment biases.”’
1.5 The role of Intravital neuroimaging in studies of the brain

When investigating an organism, one is presented with a choice of approaches. Classically, probing
of biological phenomena was done by taking a snapshot in time and conducting a forensic analysis on the
extracted sample. As it can be expected, all dynamic information is lost, and one must piece together a
picture from bits of information. To overcome these obstacles investigators have developed in vivo imaging
that can capture aspects that cannot be seen in biopsies or models. Intravital microscopy (IVM) was
developed to probe biological systems in vivo and in real-time by incorporating advance microscopy
modalities. These take advantage of tissue optics, fluorescent properties of labeling molecules, and innate

signals to visualize an event in a state close to its native form.

More commonly, IVM is done through confocal or multi-photon microscopy. Confocal microscopy
uses a shallow depth of field, elimination of out-of-focus light through a pin hole, and the ability to image
distinct optical sections from samples. This type of microscopy also takes advantage of the use of different
wavelength lasers to illuminate the sample and distinguish between different targets.%® These features offer
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great advantages for I\VM, but confocal microscopy is limited by the depth of penetration of light due to
the use of shorter wavelengths. Another modality available for IVM is multi-photon microscopy (e.g., 2-
photon microscopy). This modality uses similar concepts to confocal but differs in the wavelength of
excitation, type of physical property to create fluorescence, no need for a pin hole, and increased depth of
penetration of the light. The increased depth of penetration (~300um) is due to the use of longer
wavelengths in the near-infrared range coming from a titanium-sapphire (Ti:sapphire) laser that emits at
700 to 1100 nanometers. This type of laser differs from others as it is able to be tuned to the desired
wavelength, offering great versatility. Moreover, because 2-photon microscopy can highly focus the area
of excitation, it also provides a less phototoxic environment that is present in other modalities.®® An
additional advantage in 2-photon microscopy is the ability to use second harmonic generation (SHG). SHG
is a second-order non-linear optical process in which two photons interact with non-linear optical media
and combine to form a new photon with twice the frequency and half the wavelength of the initial photons.*®
This added advantage of 2-photon microscopy is more often used to visualize collagen but has been recently
used in combination with exogenous probes to perform in vivo imaging.’® A comparison of these two

methods and their application for IVM is shown in Fig. 11.
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One of the most striking uses of VM is in skull cranial window. Given the anatomy of the brain
with its multiple layers of protection, it has been difficult to observe the brain in high detail. The field was
limited by the use of magnetic resonance imaging (MRI) and positron emission tomography (PET) which
offer a low resolution.’®® To address this issue one can use techniques such as cranial window and take
advantage of the high-resolution microscopy offers. These typically come in the form of an open skull or
thinned skull cranial window. In an open skull cranial window, all 3 layers of bone are removed leaving the
dura exposed. A coverslip will then be fixed to the skull to cover the window and seal it with dental cement
or other types of adhesives. After ~2 weeks of rest, imaging can commence however inflammatory effects
might still be present at this time. In a thinned skull cranial window drilling is done only to remove the top
cortical bone and cancellous bone leaving behind the bottom layer of cortical bone which typically ranges
<100um depending on the skill of the performing surgeon (Fig. 12). This method offers the possibility to
image the day of the procedure with minimal inflammatory effects seen from the surgery. In addition to the
ability to image neuronal cells, this type of surgery also allows for imaging of cells in the meninges
including fibroblasts, macrophages, vasculature, and neuronal stem cells.’?? Additionally, this window can

also be sealed in a similar manner to open skull cranial window and return to the site at a later time point.%*
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An often-forgotten aspect of VM, and imaging in general, is data or image processing. With the
power to capture a great amount of data comes the responsibility to manage and interpret the data. This
aspect can be conveniently forgotten by many due to the seemingly foreign qualities that it involves.
Qualities such as computing power, software handling and development, and digital image properties to
name a few.1% However, the meaning of data relies heavily on the ability of the researcher to understand
the aspects involved. Separating information in an image can be done by applying different markers to
different cells or cell components but morphometric qualities can also be used to separate features.® These
often involve software that is either commercially available or custom-made.°” Due to the nature of IVM
using 2-photon microscopy, one often is limited by how many markers can be visualized at once. Using
methods such as segmentation of features through image processing can help an investigator to find a deeper

meaning in the captured data.
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Chapter 11: Aims of the Study

CS continues to be a leading cause of decline in quality of life as well as deaths globally. As a
percentage of total population worldwide, smoking has seen a decrease since the 1980s, however, a surge
in numbers of smokers is still seen due to an increase in population. It has long been known that CS is
associated with complications in lung disease and cancer development but, more recently, it has been shown
to have an association with neuroinflammation and other neurological disorders. Specifically, mounting
evidence indicates a correlation /association between CS and AD. Studies indicate that smoking can aid in
the generation of ROS and can impair the BBB by subsequent, sustained inflammatory activity. The
mechanisms of this increase in inflammatory effects by CS, however, are poorly understood. While there
is indication that CS induces neuroinflammation involving microglia and BBB breakdown, no focused
effort has been taken to understand the role of BBB disruption and subsequent gliovascular responses.
Further, NNK is a potent pro carcinogen synthesized from nicotine within the tobacco plant, from
combustion, within the cell, and from interaction with ambient nitrogen that has been recently shown to
have effects on the brain. One study revealed that intraperitoneal (IP) NNK treatment caused upregulation
of proinflammatory markers in microglia and increased ROS stress. However, the route of delivery and
dose given in this study do not necessarily reflect that of what is close to what a human might be exposed
to. Among questions that remain are what the longitudinal effects of NNK on neuroinflammation and BBB
integrity and what are the dynamic events involved. Therefore, | hypothesize that NNK aggravates BBB
breakdown and subsequently impairs microglial function. To address the knowledge gaps in patterns
of neuroinflammation induced by NNK in the whole brain, | propose to combine the use of transgenic
mouse lines with VM, whole organ optical clearing (OC), and large-scale microscopy. This approach has
the potential to reveal a connection between inhaled toxicants, neuronal vulnerability, and progression of
neurodegeneration through the use of a Cx3Crl transgenic mouse line (expressing GFP+ microglia) and

advanced optical neuroimaging. The gap in knowledge of how NNK can potentially induce BBB as well as

46



566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

glial abnormalities, which also may include dysfunction in gliovascular responses/interactions, may impact

neuronal function and will be addressed through the following aims:

Specific Aim 1: To investigate the effects of NNK treatment on microglia using VM and IF staining.
I hypothesized that NNK treatment, whether it is acute or chronic, will induce a pro-inflammatory
microglia response. Cx3Crl mice will be exposed to NNK in an acute (4 days) and chronic (18 weeks)
timepoints with shams serving as controls. IVM will be performed to image microglia in vivo in 3D and in
time. Analysis will be implemented to characterize the morphological changes of microglia by using ML

segmentation of microglia soma. Findings will be confirmed with IF staining of extracted brains.

Specific Aim 2: To investigate patterns of BBB disruption caused by NNK treatment with IVM and
real-time dynamics. | hypothesize that BBB breakdown will occur in animals treated with NNK and
vascular changes will be visible through VM. Cx3Cr1 mice will be exposed to NNK in an acute (4 days)
and chronic (18 weeks) timepoints with shams serving as controls. In vivo changes will be tracked with
IVM imaging, noting for BBB leakage and vasoconstriction and dilation. Brains will be extracted at select
time points and sectioned, stained, and imaged for markers of BBB disruption as well as neuronal damage

to corroborate in vivo findings.

Methods employed and studies associated with the aims are described as follows. Ch I11 will first describe
methods developed and employed to address the aforementioned specific aims. In Ch 1V the data acquired,

and interpretation will be presented. CH V will present the conclusion and future direction of the work.
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Chapter I11: Methods

Intranasal Delivery of NNK

Animal experiments were performed according to the NIH Guide for Care and Use of Experimental
Animals and approved by the University of Texas Medical Branch (UTMB) Institutional Animal Care and
Use Committee (approval no. 1312058A). Male Cx3Cr1 mice (18 weeks old) purchased from The Jackson
Laboratory (Bar Harbor, ME) were housed under pathogen-free conditions with food and water ad libitum.
Mice were administered an intranasal dose of NNK or PBS serving as control. NNK (Sigma-Aldrich, N-
076-1ML) was prepared at a concentration of 0.5 mg/kg in PBS. For intranasal delivery, mice were lightly
anesthetized with 3% isoflurane for 1-2 minutes and 10 pl were delivered into each nostril with a 10 pl
pipette (20 pl total). Mice were allowed to recover before placing back in the cage. This was performed 24
hours apart for 4 days and thinned-skull cranial window and imaging were performed on the 5" day. For
chronic studies, Cx3Cr1 18 weeks old mice were administered NNK as previously mentioned for 5 days
with two days rest for 12 weeks total and thinned-skull cranial window and imaging were performed 24
hours after the last dose. Because no previous known work had evaluated models with intranasal NNK, it
was necessary to first test a range of doses. From literature we arrived at a common “low dose” (0.5-1.0
mg/kg-bw/day) and “high dose” (10-15 mg/kg-bw/day).%111 We then used the method of estimation
established by Wei et al.!*? and applied a standard 10-fold inter-species and 10-fold intra-species uncertainty
factors, along with a 10-fold chronic uncertainty factor to arrive at an average human daily dose exposure

of 100 ng/kg-bw/day in a moderate smoker is roughly equivalent to the “low dose” estimate.
Thinned Skull Cranial Window and in vivo Microscopy

To visualize cortical vasculature a thin skull cranial window preparation was performed on
anesthetized mice. To test the level of anesthesia, a toe pinch or tail pinch was performed prior to any
procedures being performed. The head of the mouse was immobilized by using a stereotaxic device

(Stereotaxic 520, Steoelting: Wood Dale, IL) and Ophthalmic ointment (NDC 11695-6832-1, Covetrus:
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Dublin, OH) was applied to both eyes to prevent drying of the eyes during the procedure. The fur of the
mouse was aseptically cleaned to prevent transmission of any microbes by wiping with 70% alcohol
followed by sterile PBS. Fur was then removed using hair dilapidation (Nair: Ewing, NJ) and a midline
incision was then made with the removal of fascia to expose the skull of the mouse. An imaging headpost
% inch zinc flat washer (229489, Home Depot: Atlanta, GA) was then attached to the head of the mouse
using cyanoacrylate (EM-02, Starbond: Los Angeles, CA)) to maintain PBS tension during imaging
sessions. The cranial window procedure was performed inferior to bregma and parallel to the sagittal suture
with a diameter of 5 mm. Using a high-speed hand drill (NC9010016, Braintree: Braintree, MA) with a
round carbide bur, circular motions were made to remove the spongy bone. Fresh PBS and/or ACSF
(597316, Harvard Apparatus: Holliston, MA), warmed in the incubator to prevent overheating of the skull,
was continuously applied for the removal of bone dust, debris, and blood. The procedure was performed
until the pial vessel was visible under a stereotactic microscopic (SMZ445, Nikon: Brighton, MI) and
reached a depth in which the remaining skull thickness was approximately 20 microns. If bleeding occurred
due to disruption of vessels within the spongy bone absorbable hemostat GELFOAM (09-0315-08, Pfizer:
New York, NY) or bone wax (W31G, Ethicon: Cincinnati, OH) was applied until hemostasis ceased. Fresh
PBS is then applied to the cranial window to ensure no bone dust or blood will impact imaging; the mouse

is then placed under the microscope for visualization.

Intravital microscopy by multiphoton microscopy (MPM) was employed to visualize the cortex.
MPM was performed utilizing an Ultima IV laser scanning nonlinear upright microscope (Bruker,
Middleton, WI) with a Mai Tai (Spectra Physics, Santa Clara, CA) ultra-fast femtosecond laser as an
illumination source tuned to 800 nm for fluorescence excitation. While on a heating pad the animal secured
to the stereotactic device is placed on a custom-made stage under a 40X water immersion objective (NIR
Apo, 0.80W, DIC N2, WD 3.5). Data taken from these studies include time series (T-series) and depth
series (Z-series) for three-dimensional reconstructions. Approximately 6 sites were assessed per mouse,

which includes T-series and Z-series. T-series acquired were taken with 1000 iterations with a 2.969 interval
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and a frame size of 512x512. Z- series range in depth from 50-200 with a step size of 1.0 and frame size
of 1024x1024. Fluorescence was collected using a 2-photon standard M filter set, with filter 1 parameters
of bandwidth 604 +45nm, filter 2 parameters of bandwidth 525+ 70nm, and a dichroic mirror cutoff at

575nm.

Ex vivo Brain Processing for Optical clearing: Delipidation

Mouse brains were processed following the SHIELD protocol.*® Briefly, mice were transcardially
perfused with ice-cold 1X PBS and then with SHIELD perfusion solution (10% (w/v) P3PE and 4% PFA
(w/v) in 1X PBS) or ice-cold 4% PFA in PBS. Brain tissue was extracted and incubated in the SHIELD
perfusion solution at 4 °C for 48 h and transferred to the SHIELD-OFF solution (1X PBS containing 10%
(w/v) P3PE). After incubation at 4 °C for 24 h, the brains were placed in the SHIELD-ON solution (0.1 M
sodium carbonate buffer at pH 10) and incubated at 37 °C for 24 h. Brains were then washed in 1X PBS at
room temperature overnight and were cleared using stochastic electrotransport (SmartClear Il Pro,

LifeCanvas Technologies).

2-Photon Microscopy of Fixed Tissue

Fixed, CLARITY-processed sections (2 mm thickness, two-photon microscopy) were imaged using
a Prairie Ultima IV (Prairie Technologies/Bruker, Middleton, WI) upright multiphoton microscope. For
two-photon fluorescence microscopy, a 4X 0.16 N.A. air objective (UPLSAPO 4X, Olympus) and a 25X
1.05 N.A. super-objective (XLSLPLN25XGMP, Olympus) were used for image collection. Illumination
for excitation of fluorescence was provided by a femtosecond laser (Mai Tai, Spectra Physics, Santa Clara,
CA) tuned to 800 nm. Fluorescence was collected using a two-photon standard M filter set including filters
with bandwidth 604 + 45 nm, a filter with bandwidth 525 + 70 nm, and a dichroic mirror cutoff at 575 nm.
Samples were mounted on a 30-mm cage plate (CP06, ThorLabs, Newton, NJ) between two #1.5 cover

glass.

Thin sagittal brain sections labeling

50



658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

Brains were collected and fixed with 4% PFA at 4°C overnight. Full brains were then hemisected
and one hemisection was placed in 30% sucrose (S9378-1KG, Sigma-Aldrich, St. Louis, MO) on a shaker
for 3 days. The hemisection was then placed in a tissue cassette (part number) and covered with OCT
(237305771, Thermo Fisher, Waltham, MA) to be frozen. Cryosections of 30 um were obtained using a
cryostat (part number) and placed in a 12-well cell culture plate (part number) in PBS. Sections were
washed with PBS and blocked/permeabilized with PBS containing 5% normal goat serum (part number)
and 0.3% Triton-X-100 (part number) overnight at room temperature. After blocking, sections were stained
with rabbit anti-lbal antibody (1:400, 019-19741, FUJIFILM Wako Chemicals, Richmond, VA), anti-
CD11b, marker for resting microglia: Abcam ab133357 (rabbit:1:4000), anti-GFAP, marker for astrocyte:
Agilent, Z033429-2 (rabbit:1:1000), anti-CD-68, marker for activated microglia: Abcam
ab955(mouse:1;3000), anti-PSD95, synaptic marker for synapse damage: Thermo Fisher, MAL-
045(mouse:1:500), anti-ZO-1, marker for tight junction: Cell Signaling Technology, 81933,
(rabbit:1:1000). Anti-GFP: Thermo Fisher, A11122, (rabbit:1:2000), anti-Nrf2, marker for oxidative stress:
Abcam, ah92946 (rabbit:1:1000), CDC25A polyclonal antibody, marker for DNA damage: Proteintech,
55031-1-AP, (rabbit:1:500) at room temperature overnight. Sections were washed and incubated with Alexa
Fluor 647-conjugated goat anti-rabbit secondary antibody (1:400, Thermo Fisher Scientific, Waltham, MA)
at room temperature overnight. At last, sections were mounted, and images were captured by confocal

microscopy (LSM 800, Carl Zeiss Inc, Thornwood, NY).

Image Processing

Semi-automated microglia soma segmentation was done through a customized FIJI/ImageJ (v1.53)
algorithm and with Waikato Environment for Knowledge Analysis [(WEKA) version 3.9.4] plugin. Image
processing pipeline is as follows; dual channel raw images acquired from the 12-bit sensor were stored as
16-bit tiffs (a standard storage protocol that incorporates zero-padding of histogram values above 4095
(212-1) when using a 12-bit sensor). Images were contrast stretched to remove zero-padding prior to being

converted to 8-bit images. Channels were split and the microglia channel was uploaded to WEKA plug-in.
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Manual training was performed for the segmentation of microglia soma using and a subsequent step using
a fast random forest algorithm was employed for machine learning automated segmentation. The yielding
binary microglia soma mask was then used to create regions of interest (ROIs) and apply to the original
microglia channel for microglia soma and ramifications extraction. The resulting two pseudo-channels were
merged with the original 8bit image creating a five-channel image. For quantification, the five-channel
images were uploaded to IMARIS (Bitplane USA, Concord MA) and 3D reconstructions were built.
Minimum soma volume was calculated by sampling the smallest soma of 4 sham mice (30 somas per mice)
and averaged to find a cut-off point. Analysis was done for the volume of somas, ramifications, Evans Blue

within each component, and distance to vessels.

For stitching images, a zero-padding protocol was applied as previously mentioned to turn images
into 8bit. A 2 x 2 median filter was applied to the image stacks. Stitching was performed with a 10% overlap
of tiles having a field of view of 2327.3 x 2327.3 um, providing 232.73 um of co-registration in both X and
Y coordinates. The Fourier Transform phase correlation stitching method was applied using the ImageJ

plugin Grid/Collection Stitching.*®

Statistical Analysis

Statistical analysis was done in R studio (version 4.0.2). To show the frequency of microglia cell
body volume, a histogram was made with interval bins of 100um. To further probe the data distribution,
we constructed a box plot for each pairwise comparison to display the five-number summary of the data set
and overlayed all individual data points to demonstrate all values including outlying points. The five-
number statistical summary (the box plot) describes the minimum, first quartile, median, third quantile, and
maximum. The box plots show skewed (not normally distributed) data. We proceeded to log transform all
continuous variables to see if normality was met. Shapiro-Wilk's test noted that, in all cases, there was a
significant difference (p-value<0.05) between the log transformed data and normal distribution. This
indicates that log transformation did not result in normally distributed data. Therefore, a Mann—-Whitney U
test used to assess whether the means of the two treatment groups were equal. In order to compare microglial
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2D time series findings to previously published parameters of microglia in 2D data,®® we created a
categorical dummy variable from the area parameter. Microglia having an area less than or equal to 53 um?
was categorized as “Surveying” and microglia having an area greater than 53 um? was categorized as
“Activated”. Similarly, we created another categorical dummy variable to analyze the spatial relationship
between microglia and vasculature, as first described by Bowyer et al 2020.1%® Microglia somas were
categorized into one of the 3 classifications according to their respective distance from the surrounding
vessels: contact (<5um), close to vessel (=5 to < 30um), and far (>30pum). A chi-squared test of
independence was used to analyze if there was a significant association between all categorical variables
and treatment groups.'” A corresponding association matrix was constructed to show the dependency
between the categorical variables analyzed. The legend displays the color hues corresponding to positive
and negative adjusted residual values which shows the magnitude of the association. A positive value in
the legend indicates the event happened more times than expected by chance alone. A negative value in the
legend indicates the event happen fewer times than by chance alone. Together this construct gives indication
on the nature of dependency between the variables and shows the relative contribution of each event in the
association matrix to the total chi-square score. A qualitative score to characterize vessel events was
performed on time series data. For vasodilation and vasoconstriction, an initial diameter was drawn using
the straight-line tool in ImageJ/FIJI and compared to a final diameter. When the initial diameter was larger
than the final diameter, the event was labeled as vasoconstriction while when the final diameter was larger
it was labeled as vasodilation. For microhemorrhage, events of vessel content spillage were recorded. These
events were tabulated and recorded as percentages of each event separately or as any event on the site.

Specifically, the formulas are:

A vascular event (vasodilation or vasoconstriction or microhemorrhage )
total # of sites

= % of singular event Q)
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any vascular event

total # of sites = % of any vascular event (2)

729  For all statistical tests, a significance level of 0=0.05 was used.
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Chapter IV: Treatment with Nicotine-derived Nitrosamine Ketone (NNK) Causes Disruption of

Blood Brain Barrier (BBB) and Microglia Activation on Mice

Introduction

It has been known that cigarette smoke (CS) is associated with complications in pregnancy, respiratory
disease, and coronary heart disease.> 1® Recent studies have also shown an association between
neuroinflammation and several neurological disorders®S. CS is composed of up to 7000 chemicals,
including, N-nitrosamines, polycyclic aromatic hydrocarbons (PAHSs), and reactive oxygen species (ROS)®,
that quickly flux into the oral mucosa, the lining of the epithelial airway, and ultimately spreads into body
tissues, such as the central nervous system (CNS), through blood circulation. These CS toxins can trigger
inflammatory mediators, like cytokines and chemokines that could potentially lead to neuroinflammation®
7. Recent studies have also indicated that chemicals, such as N-nitrosamines specifically lead to
neuroinflammation with effects that could contribute to the development of neurodegenerative disorders,
like Alzheimer’s disease (AD)%. These chemicals can also be found in any nicotine-containing products,

along with nicotine deposited in ambient from product usage.*

NNK is among some of the strongest carcinogens found in CS with well-established literature
addressing mechanisms of action in lung pathology.3* 3 1° These include the formation of DNA adducts
and DNA oxidation which leads to aberrant cell function.*® 4" NNK has, as well, been found to be able to
bind and activate nicotinic acetylcholine receptors (nAChRs) and promote cellular pathways including
metabolic pathways.% * The combination of these mechanisms can increase activity in cells with damaged
DNA promoting oxidative stress. Studies have also shown that NNK has immunomodulatory effects in

alveolar macrophages, a member of the mononuclear phagocyte system of which microglia are a part of. 48

While impaired inflammatory function has been well-documented in chronic smokers at a systemic
level'8, it is intriguing that the effects of cigarette smoke on neuroinflammation® * ° 7™ and

neuroinflammation mediated by microglial® 2° have recently been shown in mice. Microglia play an
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important role in proper neuronal function as the resident macrophage cells in the CNS, which are
accountable for the quick response to pathogens and other infiltrates®. Chronic activation and enhanced
proliferation of microglia can contribute to sustained release of inflammatory factors, leading to reciprocal
effects like blood-brain barrier (BBB) breakdown®*. In one study, Ghosh et al., investigated the action of
IP-delivered NNK on the brain and revealed through immunohistochemistry that resident microglia

accompanied by neighboring neuronal damage occurred within days of injection®.

Other toxicants, such as ROS, in CS have been found to affect neurodegeneration by eliciting
dysfunction in the BBB® 8112, The BBB restricts the traffic of molecules from circulating blood to the CNS
by providing a selective system that dynamically responds to metabolic needs'??. Disruption of this
construct allows the infiltration of foreign objects which can prompt events leading to neurodegeneration®2.,
Cell culture studies have shown that ROS can directly break down the BBB by tight junction (TJ)
modification®. Due to the high content of ROS within CS, acceleration of TJ disruption occurs in the
BBB®. It is noteworthy that NNK has been found to induce ROS production in cancer stem cells and if
present in the circulation or brain could provide an added source of ROS stress and dysfunction of the

BBB.'?

In this study, we aimed to study the effects of acute (4 days) and chronic (12 weeks) intranasal NNK
treatment on the BBB and microglia using in vivo two-photon imaging. NNK was delivered intranasally as
a form of delivery that is closer to exposure in humans. We demonstrated that acute NNK treatment
compromised the integrity of the BBB and caused microhemorrhages along with irregular vessel
dilation/expansion. Effects were also observed in microglia seen as an increased number of microglia with
ameboid morphology in both the overall field of view (FOV) and along blood vessels. These effects were
sustained in chronic NNK treatment. Although NNK can freely cross the plasma membrane at relatively
high concentrations (Jorquera et al), at the concentration used in this study, NNK can cause BBB disruption,
creating microhemorrhages. These small brain hemorrhages can cause NNK to leak into neural tissue

potentially causing microglia activation and neurodegeneration.
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Results

Microglial Responses in Acute NNK Treatment

Previous studies have demonstrated that when mice were treated with NNK through an IP injection
an upregulation of proinflammatory cytokines and increased ROS stress was seen in microglia and
astrocytes.'® We reasoned that in light of these events, microglia morphological changes could be observed
with IVM. We hypothesized that for an acute treatment of NNK morphological changes of microglia
towards an activated state (more ameboid than ramified) would be observed in the prefrontal cortex of mice
under IVM. We, therefore, exposed CX3CR1 mice to NNK through intranasal delivery for 4 consecutive
days. Preliminary intranasal delivery testing of NNK concentration was done to determine a working
solution. From literature we arrived at a common range of exposure (0.5-15 mg/kg-bw/day) then used a
standard 10-fold inter-species and 10-fold intra-species uncertainty factors, along with a 10-fold chronic
uncertainty factor to arrive at an average human daily dose exposure of 100 ng/kg-bw/day in a habitual
smoker is roughly equivalent to 0.5 mg/kg-bw/day.2% 110-112 |maging was performed on the 5" day in the
thinned skull above the prefrontal cortex of the mouse brain and in-depth optical section, as well as time-
lapse imaging was taken in vivo. Figure 1 shows representative 3D reconstructions of NNK and PBS groups
that went through ML segmentation for somas (Fig. 13A, C. Size analysis based on 3D volumes was
performed and a color representation of volume was created — in Fig 13 the heat map show vessels
represented in grey and different volumes of somas represented in red-shifted colors as larger volumes
while blue-shifted colors showed smaller volumes (Fig. 13B, D). A histogram analysis shows that the
control group had the great majority of the somas in volumes of 300 pm? or less while a portion of soma
volumes in NNK treated can be seen in the 500 um? range or greater. This establishes a distinct shift in
microglia soma volumes between groups (Fig. 13E). A Mann-Whitney U test showed a statistical
significance between the two groups (n=3 per group, p<4.794°) while PBS shows the majority of the data
point in smaller values with fewer outliers and NNK shows a robust distribution of data points with an

increased number of outliers (Fig. 13F). Increased soma size has been used as a surrogate parameter for
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activation in the literature % but prior work has been limited to 2D histological data. For comparison with
such work, we analyzed soma sizes in 2D from our time-series acquisitions. Previous studies found that the
average surveying microglia has a soma area of 53 pm? and activated microglia tend to fall above that
value.% Using these measurements, we grouped microglia soma areas into two categories and found that
up to 39% of microglia showed a large soma size, consistent with the morphology of activated microglia
(Heindl et al. and Li Q), in NNK treated while PBS showed 31% (Fig. 14A). A corresponding association
matrix was then created to show the relationship between the microglial state (activated or surveying) and
the treatment groups (NNK or PBS). Briefly, a positive value in the legend indicates the event happened
more times than expected by chance alone and a negative value in the legend indicates the event happen
fewer times than by chance alone. The chi-squared test between microglial state and treatment groups gave
a p-value = 0.0001485, indicating there is an association between the variables. The corresponding
association matrix shows the dependency between the categorical variables analyzed (Fig. 14B). The event
of acutely treated NNK + Activated has a positive adjusted residual value, indicating that there are more
activated somas associated with NNK treatment than would be expected by chance alone. The event of
acutely treated NNK + Surveying has a negatively adjusted residual value indicating that there are less

activated somas associated with NNK treatment than would be expected by chance alone.
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Figure 13: Microglia Soma changes with Acute NNK Treatment. A & C) IMARIS generated 3D
reconstruction and ML learning segmentation of microglia soma (green) with vessels (red). B & D)
IMARIS generated heatmap showing microglia soma arranged by volume. Blue shifted items represent
smaller volumes and red-shifted items represent larger volumes. Vessels are shown in grey. E) histogram
of microglia somas arranged by volumes in bins of 100um?3. F) Box plot of microglia soma volumes in um?,

n=3. G) Boxplot of microglia soma distance to vessel in pm, n=3. ***p <0.0001, Mann-Whitney U test.
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Figure 14: Classification and quantification of 2D microglia morphology. A) Classification of microglia

using soma area revealed an increased number of activated microglia in acutely treated NNK mice. B)

Matrix of association graphical representation of NNK vs PBS microglia morphological state. Data

demonstrates that NNK has a positive association with activated and a negative association with surveying

microglia. The opposite is true for the PBS group. Pearson’s chi square score = 14.39, DF=1, p-value =

0.0001485.
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Previous studies have identified microglia grouping on vessels as a response to pathology.* We,
therefore, analyzed microglia somas for said behavior using distance (in um) to vessel to determine the
relative position of somas and noted the NNK group showed a statistically significant (n=3, p<2.2')
decrease in distance to vessels when compared to the PBS group (Fig. 13G). This shows that there is a
noticeable grouping of microglia somas with vessels in the acutely treated NNK group. To further
understand the relationship of soma proximity to vessels, we constructed an association matrix where we
grouped somas into 3 classifications according to distance to vessels: contact (<5um), close to vessel (>5
to 30um), and far (>30um) (Fig.15). For this analysis, we used ML segmented somas (Fig.15A, C) and
determined grouping through findings from previous studies.!*® The chi-squared test for independence
between soma association to vessel and treatment groups gave a p-value = 2.828°, indicating there is an
association between the variables (Fig. 15E). The event of acutely treated NNK + Contact and NNK + Close
has a positive adjusted residual value, indicating that there are more somas in contact and close to vessels
associated with NNK treatment than would be expected by chance alone. The event of acutely treated NNK
+ Far has a negatively adjusted residual value indicating that there are fewer somas far from vessels
associated with NNK treatment. The event of acutely treated PBS + Contact and PBS + Close has a negative
adjusted residual value, indicating that there are fewer somas in contact and close to vessels associated with
PBS treatment. The event of acutely treated PBS + Far has a positive adjusted residual value indicating that

there are more somas far from vessels associated with PBS.
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857  Figure 15: Association analysis of microglia soma and proximity to vessel. A&C) IMARIS generated 3D
858  reconstruction of control and NNK z-stack with microglia bodies segmented using machine learning. Green
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coded rendering of control z-stack with blue-shifted items representing somas closer to vessels and red-
shifted items representing somas away from vessels. E) Matrix association analysis of microglia somata
grouped into contact (<5um), close to vessel (=5 to 30um), and far (>30um). Acutely treated mice with
NNK show a positive association with contact and close classification but a negative association with far.

The opposite is true for PBS-treated mice. Pearson’s chi square score = 39.36, DF=2, p=2.828".
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Microglial Responses in Chronic NNK Treatment

In a similar manner to acute treatment, Cx3Cr1 mice were treated with NNK for 12 weeks for the
chronic portion of this study. To understand if the effects that were observed in the acute treatment of NNK
are sustained after 12 weeks of treatment, we performed a correlation matrix of association analysis where
we grouped somas into 3 classifications like that of Fig. 15E [contact (<5um), close to vessel (=5 to 30um),
and far (>30um)] and noted that associations seen chronic treatment are similar to those in acute treatment.
The chi-squared test for independence between soma association to vessel and treatment groups gave a p-
value = 2.2, indicating there is an association between the variables (Fig. 16A). The chronic NNK group
shows a positive association with the contact classification and a negative association with far but shows a
negative association with close classification. For the PBS group, we again see a negative association for
contact classification and a positive association with close and far classification (Fig. 16A). These results
show similarities with that of acute but differ in the close classification (Fig. 15E and Fig. 16A). Using
previously mentioned measurements (Fig. 14A), we grouped microglia soma areas into two categories and
found that up to 36% of microglia showed an, activated morphology in NNK treated while PBS showed
26% (Fig. 16B). In the 2D classification, we see the same pattern seen in acute with chronic NNK group
positively associated with activated microglia and negatively associated with surveying microglia while the
opposite is true for the chronic PBS group (Fig. 16C). When we analyzed microglia soma volume in
chronically treated samples, we observed a similar distribution to that of acutely treated (Fig. 13F). The
analysis showed a statistical significance between the two groups (n=3 per group, p<2.2*%) while PBS
shows the majority of the data point in smaller values with fewer outliers and NNK shows a robust
distribution of data points with an increased number of outliers (Fig. 16D). Likewise, the analysis of
distance to vessel showed similar trends to that of acutely treated (Fig. 16E), in which microglia have

migrated to the vasculature and are in close contact in the NNK treated cases.
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Figure 16: Effects of chronic NNK treatment on microglia somas. A) Matrix association analysis of
microglia somata grouped into contact (<5um), close to vessel (=5 to 30um), and far (>30pm). Chronically
treated mice with NNK show a positive association with contact classification but a negative association
with close and far. The opposite is true for PBS-treated mice. Pearson’s chi square score = 153.73, DF=2,
p=2.21%, B) Tabulation of microglia divided into two groups, surveying and activated. C) Matrix of
association analysis of NNK vs PBS microglia morphological state. Data demonstrates that NNK has a
positive association with activated and a negative association with surveying microglia. The opposite is
true for the PBS group. Pearson’s chi square score = 16.68, DF=1, p=4.412". D) Box plot of microglia soma
volumes in um?, n=3. E) Boxplot of microglia soma distance to vessel in pm, n=3. ***p < 0.0001, Mann—

Whitney U test.
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Vasculature Changes and Microhemorrhages Occur in Acutely NNK Treated Mice

By using IVM, we are able to observe dynamic vascular responses. Figure 17 highlights a time
course event of a vessel appearing to be thinner (Fig.17A) and later expands to a thicker state, as with
superimposed yellow lines (Fig. 17B). Briefly, yellow lines were added to various vessels at a later time
point and then superimposed back to the initial time point to compare the changes in diameter. As noted
above (Fig. 13-16), surrounding dynamic, microglia appear to be retracting their processes around vascular
events, implying possible signaling for vasculature alteration. This direct contact is of interest for further
investigation as some limited reports indicate microglia interaction with vessels can directly impact vessels
responses such as leakage® "°, and vasospasms.’® NNK exposed mice also revealed vessel integrity
disruption seen as microhemorrhaging (Fig 17C). Another significant event noted in NNK-treated subjects
was vasodilation (Fig. 17D). Like in other vascular events, vasodilation occurred near areas with microglia
that appear to be adopting an ameboid morphology (Fig. 17 & 18). When the two groups were compared,
a clear distinction in vascular events was apparent as the PBS group showed only events of vasodilation in
11% of the sites surveyed while the NNK group showed events of vasodilation in 42% of the sites,
vasoconstriction in 26% of the sites and microhemorrhages in 47% of the sites (Fig. 17E). Some of the sites
had multiple types of events with vasodilation and microhemorrhages being commonly found together.
When we compared the total of any type of event happening in the FOV there was 11% total in PBS while

NNK had 72% total (Fig. 17E).
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3 minutes 6 minutes

Time Course of a Microhemorrhage

E
Acute l:yelfliascular PBS n=3 NNK n=5
Vasodilation 11% 42%
Vasoconstriction 0% 26%
Microhemorrhage 0% 47%
Any Vascular Events 11% 72%

Figure 17: Vessel dynamic changes in time series. A & B) Representative images of vessel dynamics in
NNK treated mice. Vasodilation was noted and lines (1-4) were added for the distinction of vessel diameter
change. C) NNK exposed mice also revealed microhemorrhaging, the last 2 panels show apparent clearing
of leaked blood. D)Vasoconstriction was observed and sustained for more than 3 minutes. No hemorrhage
was noted at this site. E) Tabulation of vascular events observed in all samples. A comparison of control to
NNK shows distinct separation between the two groups. No events of vasoconstriction or microhemorrhage
were observed in control subjects. Evans Blue labeled vessels are represented in re and microglia in green

for all images.
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Continuous Treatment with NNK Maintains Increased Vascular Events and Microhemorrhages

We next analyzed the effects of chronic treatment with NNK on vessel dynamics. Similarly, to
acute treatment, vascular events of all types increased with NNK treatment, compared to the PBS group,
while an increase in the co-occurrence of events was also observed (Fig. 18). For the PBS group, we noted
that 11% of the sites had events of vasodilation, 11% of the sites had an event of vasoconstriction and 11%
of the sites had an event of microhemorrhage (Fig. 18B). Events of vasoconstriction and vasodilation are
common events that are present under normal conditions and microhemorrhages can point to an effect of
aging.’® In the NNK group 20% of the sites had an event of vasodilation, 60% of the sites had an event of
vasoconstriction and 67% of the sites had an event of microhemorrhages (Fig 18B). Interestingly, in the
chronic NNK treated group vasoconstriction and microhemorrhages became more common with spasm-

like events becoming more apparent (Fig. 18A).
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B .
Chronic NNK Vascular PBS n=3 NNK n=4
Events
Vasodilation 11% 20%
Vasoconstriction 11% 60%
Microhemorrhage 11% 67%
Any Vascular Events 33% 80%

942

943  Figure 18: Vascular events seen in chronically NNK treated mice. A) Representative images of vessels
944  going through multiple vascular events (vasodilation, vasoconstriction, and microhemorrhage). B)
945  Tabulation of vascular events in PBS vs NNK. NNK group saw a sharp increase when compared to PBS.

946  Evans Blue labeled vessels are represented in re and microglia in green for all images.
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Immunofluorescence of Acutely NNK Treated Samples Shows Microglia Morphological Changes

In order to expand and corroborate findings from in vivo experiments, we performed
immunofluorescence staining of thin tissue sections for various markers and retained the GFP signal in
microglia (Fig. 19). Whole stitched sagittal sections were imaged and revealed a variety of microglia
morphological states (ramified to ameboid) appeared to be widespread in the NNK group while the PBS
group showed mostly surveying microglia (Fig. 19A & B). Imaging in the prefrontal cortical region
revealed that microglia morphology was similar to that of IVM findings with an increased number of
ameboid and hyper ramified cells in the NNK treated group (Fig. 19F) while the PBS group showed the
majority of the observed microglia in a surveying state (Fig. 19E). Interestingly, the NNK group showed
fragmented microglia around the orbital area of the cortex close to the olfactory bulb (Fig. 19B, white
arrow). Closer inspection of these areas showed small puncta with GFP signal, but larger bodies (like those
of somas) were absent (Fig. 19D, GFP channel). Moreover, depletion of synaptic marker PSD95 was
observed in this area as well (Fig. 19D) while the PBS group showed typical distribution (Fig. 19C).
Staining of astrocyte marker GFAP appears to be more diffused in whole sagittal section imaging of the
NNK group (Fig. 19A & B) but closer inspection with higher magnification shows similar distribution
between the two groups (Fig. 19C & D). Grouping of microglia was also observed in the NNK group with

various morphological stages (Fig. 19F, white arrows).
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A PBS B NNK

Figure 19: Representative immunofluorescence images of extracted tissue. A & B) whole sagittal section
imaged at 5X with 3 channels (GFP-green, GFAP-magenta, PSD95-red). Stitched sagittal section showed
heterogeneous microglia morphological states (ramified to ameboid) to be widespread in the NNK group
while the PBS group displayed surveying microglia. White arrow points to a decreased signal of GFP
expressing cells near the olfactory bulb. C & D) representative images of 40X imaging showing microglia,

astrocyte, and synaptic distribution (scale bar-20pm). NNK-treated animals showed GFP positive puncta
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while comparable regions in PBS treated showed typical microglia morphology. E & F) representative
images of 20X imaging in cortical regions showing microglia morphology and distribution (scale bar-20

pm). White arrows show grouping of microglia somas in multiple regions.
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Discussion

CS is the most significant source of toxicant exposure to humans with 1.3 billion current users
worldwide of which up to half are expected to die from CS-related complications .*2” NNK is one of the
most important oncogenic chemicals found in CS as it has been shown to have effects linked to multiple
forms of cancers, cardiovascular disease, and neuronal damage.33 109 128,129 As NNK can also be found in
e-cigarettes and has been shown to cause damages similar to that of CS, it becomes imperative to better
understand the potential damages that it might be causing in organ systems that have received limited
attention.**® Current understanding of the mechanism of insult done by NNK in the brain involves the
promotion of proinflammatory effector proteins in microglia and astrocytes with subsequent neuronal
damage.'%® However, no effort has been made to understand the cascade of events that leads NNK molecules

into the immunoprivileged space of the brain.

Previously, IP delivery with NNK for 4 and 12 days was shown to induce activation of microglia in
cell culture and in histology from a mouse preclinical model. Effects seen in this study included
upregulation of proinflammatory cytokines and an increase in ROS and nitric oxide (NO).1% These offer a
potential mode of action as to how progressive damage by NNK exposure can lead to disruption of the BBB
and subsequent neuroinflammatory effects. As NNK is highly lipid-soluble, it is likely that it can cross the
plasma membrane of cells it comes in contact with and potentially cross the BBB.*! During an
inflammatory event, the BBB may go through disruptive changes that lead to the opening of the barrier
allowing the content of the vessels to flow into neural tissue.**? Adding the increased ROS stress and
signaling of NO for vessel dilation can further deteriorate the BBB leading to further opening. It is likely
that the additive effects of this toxicant can be observed in vivo by inspecting for inflammatory events and

BBB disruption.

In this study, we investigated the effects of NNK on both microglia and vessels in an acute and chronic

intranasal delivery model. To better understand the potential effects of NNK, we developed an intranasal
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delivery method on the CXsCR-1°" mouse model to mimic inhalation exposure. NNK was delivered
intranasally at 0.5 mg/kg in both acute (4 days) and chronic (12 weeks), we then performed thinned skull
cranial window for intravital imaging. Using the GFP signal for microglia and Evans Blue for vessel, we
were able to visualize spatiotemporal dynamics of NNK exposure. To further probe the effects, we used

large tissue labeling and imaging and thin section staining.

The value of in vivo studies is the ability to see microglia and vessel dynamics, including their real-
time interactions, when treating with acute and chronic intranasal NNK treatment, something not previously
seen. Additionally, full-field 3D segmentation and quantification of different morphological features
(microglial soma, processes, as well as their respective uptake capability and surrounding vasculature) give
better insight into their functions and behavior when disrupted by NNK treatment. The spatial analysis also
lends a new perspective of potential functional patterns microglia may have when located farther or near

vasculature.

The microglial changes found with acute NNK treatment show similar signs of neuroinflammatory
morphology that have been shown in other studies with brain pathology.®® 13313 These include soma
morphological changes that have only been previously analyzed in 2D.%° Indeed, we observed similar
morphological changes in 2D data with an increase in activated microglia and a positive association in the
acutely treated NNK group (Fig. 14A & B). An increase in the frequency of larger somas in acutely NNK
treated animals was also observed, while control showed a higher percentage in smaller volumes (Fig. 13E).
Plotting of microglia soma in a box plot showed the heterogeneity of soma volumes within the data set and,
importantly, displayed an increase in soma volume overall in acutely NNK treated animals (Fig. 13F).
Moreover, increased somas sizes were qualitatively associated with hypertrophied processes and ameboid
over ramified microglia. Quantitative analysis of this morphological comparison is ongoing. Plotting of the
soma distance to vessel revealed a shorter average distance in the acutely treated NNK group (Fig. 13G).
To understand this effect of NNK, we further analyzed soma distances to vessels by grouping them into

three categories, Contact, Close and Far and performed an association analysis using chi square test of
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independence (Fig. 15E). We noted that the acutely treated group had a positive association with Contact
and Close classification and a negative association with Far while PBS showed the opposite behavior (Fig.
15E). A closer association of microglia somas to vessels might indicate a potential pathological event that
requires the involvement of microglia which could include pro-inflammatory signaling and/or

phagocytosis.

Interestingly, when we performed these analyses on our chronic data we observed similar trends
(Fig. 16). However, slight differences were observed in association in the Close classification for the three-
classification analysis, with chronically NNK treated showing a negative association while chronically
treated PBS showed a positive association (Fig. 16A). This can potentially point to microglia that were
previously in the Close group in acute shifting to either the Far or Contact group suggesting migratory
behavior of microglia toward injury sites that has been seen in other studies.'® 1% Quantitative analysis of
this behavior is ongoing. In the distance to vessel box plot of chronic data, we can also observe a clustering

of somas at closer distances in the PBS data (Fig. 16E).

VAM and increased soma size have been observed in cerebrovascular dysfunction and
neurodegenerative disorders.®* 125137 Our study indicates that treatment with acute and chronic NNK can
lead to increased grouping of microglia somas with vessels along with increased average soma volume (Fig.
13-16). This is indicative of microglia activity near vasculature due to a potential insult caused by exposure
to NNK. The microglia’s ability to engulf and process neuronal infiltrates shows a strong indication that
these cells are in fact responding to toxicant exposure effects and possibly to the toxicant itself.**® Moreover,
the capacity of microglia to signal for proinflammatory events can lead to potential exacerbation of
collection of cells along the vessels created by the milieu of proinflammatory cytokines produced at the
site.1® Previous studies have shown that up to 33% of microglia can associate with vessels under normal
conditions, as visualized by full cranial window imaging, and that signaling from vasculature can modulate
the amount of microglia interaction which is reflective of our data.’®” However, the increased association

of these microglia somas with activated morphology in NNK treatment groups indicates that cellular
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signaling from either microglia or other neighboring cells can modulate the amount of VAMs and
potentially reach a stable homeostatic level of association with vessels (Fig. 15E & 16A). To corroborate
the in vivo findings, we also performed ex vivo staining on thin and thick tissue with multiple relevant
markers. The approach taken in this study offers an innovative procedure to probe the effects of NNK on

microglia and the BBB to reveal novel information about the insult.

Another finding of interest is the apparent dilation of vasculature in NNK treated mice an

observation that has been found in a variety of disorders showing vascular dysfunction,

Previous studies have shown the role of CS in brain vascular pathology by the involvement of
NnAChRs and OxS.1 %42 This is in part due to molecules, such as NNK, that can bind and activate nAChRs
and OxS generated from this and other pathways.?* ¢ Exposure of the brain to NNK can, therefore, be
expected to induce vascular effects that can have detrimental outcomes given that NNK can both bind to
nAChRs and generate OxS. Indeed, our study shows that NNK treatment, whether acute or chronic, can
induce a diverse set of vascular events (Fig. 15 & 18). In acutely treated animals we see an increase in all
vascular events including vasodilation, vasoconstriction, and microhemorrhages while chronic treatment
saw a similar increase when compared to PBS (Fig. 17E & Fig. 18B). Although vasoconstriction and
vasodilation are not always detrimental, a collective increase of these events followed by microhemorrhages
can point to underlying pathological causes, in this case, the introduction of NNK. Interestingly, when acute
and chronic NNK groups were compared, an increase in vasoconstriction and microhemorrhages were

observed in the chronic group but not in vasodilation (Fig. 17E & Fig. 18B).

As NNK molecules can travel through the circulatory system and freely cross the plasma
membrane, it is likely that exposure of the BBB to NNK can lead to the events observed in this study.®! A
potential sequence of events leading to these effects can include the freely circulating NNK coming into
contact with endothelial cells of the BBB and activating nAChRs inducing metabolic activity while a
portion of the NNK molecules can also cross the plasma membrane and create DNA adducts. These can
then cause aberrant cell function that may lead to the disruption of components such as TJs. In such a case,
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the BBB can be compromised leading to potential transient opening and spillage of the vessel content into
neural tissue. The ability of certain nAChRs to signal for vasoconstriction and vasodilation may further
exacerbate the microhemorrhages events.'#? 14 Qur data shows that events consistent with the above,
suggest events are in fact happening in NNK treated subjects (Fig. 17 & 18). Ongoing studies aim to

evaluate the role of TJs, OxS, and DNA adducts damage.

Due to different metabolic requirements and neurotransmitter activity of the brain, blood flow
might be increased in some regions compared to others and shift over time.!** This could mean that
circulating toxins, such as NNK, can be deposited in some areas at one point and shift to other areas at
another point potentially causing widespread damage over time. Our thin tissue imaging shows that
microglia ameboid morphology is outspread (Fig. 19). Moreover, other events of tissue damage can be seen
through immunofluorescence staining such as depletion of PSD95 showing potential synaptic damage and
fragmentation of microglia (Fig. 19C & D). Microglia-associated synaptic loss has been linked to
neurodegenerative disorders and traumatic brain injury in previous studies pointing to a potential link
between NNK insult and our observed effects.'#* 146 Loss of PSD95 has been linked to neuronal damage or

disfunction making it a good target for assessment of neuronal insult.4"- 148

Collectively, the observed effects of NNK treatment on microglia and vessels, suggest that the
damage caused is a stepwise process but could be influenced by NNK crossing the plasma membrane,
eventually finding its way into neural tissue. However, a buildup of enough NNK concentration in the
circulating blood would have to occur first for this route to have a significant contribution. Traffic of NNK
particles through the circulatory system reaches the BBB and interacts with endothelial cells causing
disfunction of the barrier. The content of the vessels can flood into neural tissue and interact with
surrounding cells. As the resident immune cells of the brain, microglia respond to the influx of infiltrates
and begin to morph into their activated form while potentially releasing signaling molecules such as
proinflammatory cytokines. While cytokines were not measured in this study, a prior microglial culture

study showed that NNK exposure leads to microglia release of cytokines. These can potentially have
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detrimental effects on normal functions such as synaptic pruning and cell viability. While these events
might be mild and reparable with limited exposure, repeated exposures over long periods of time can
potentially cause significant damage and might be a factor in the progression of preexisting pathologies
such as neurodegenerative diseases. A graphical representation of our proposed model can be seen in Figure

20.

In this study, we were able to show that acute treatment with NNK via intranasal delivery yields
quantifiable effects visible with in vivo thinned skull cranial window. These effects include microglial
responses and BBB disruption. NNK being a molecule that is present in nicotine products either by
combustion®? or by synthesis within the cell after uptake of nicotine® is a molecule of interest to study the
potentially detrimental effects of cigarette smoking or e-cigarette usage. Development of methods for the
detection and tracking of damage caused by such molecules are necessary. While our study demonstrates
the potential of IVM as a tool for the toxicological assessment of CS molecules, such as NNK, further
studies are needed to understand molecular key players in the path of damage caused. Intranasal delivery
offers a method of delivery that more closely resembles the typical exposure of NNK when compared to
other widely used methods such as IP delivery.** This method exposed the subjects directly through the
respiratory system and delivers NNK straight to the lungs, unlike IP which relies on the eventual circulation
of the toxicant to reach targeted organs. Additionally, intranasal delivery can incorporate aspects of 2" and
3 hand smoke exposure that are inevitable for users of nicotine products (Wei et al. 2015). However,
limitations exist, as intranasal delivery in an animal model that is obligate nasal breathers do not completely

encapsulate mouth exposure in humans.
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1124  Figure 20: Schematic representation of the proposed model. Under normal conditions, the BBB controls
1125  the traffic of molecules from circulating blood into neural tissue (top). The introduction of toxicants
1126  interacts with endothelial cells inducing cellular damage and creating ROS stress. Sustained OxS leads to
1127  TJdysfunction and opening of BBB. The content of vessels can then spill into neural tissue and the content
1128  of vessels interact with neuronal cells including microglia inducing activation and morphological changes

1129  (bottom).
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Chapter V: Conclusions and future direction

The prevalence of Tobacco product use is an imminent issue affecting the entire world and it’s the
leading cause of death, illness, and impoverishment worldwide.'?” These types of products not only affect
the user but can also affect those close to the source and unsuspecting victims that may come in contact
with surfaces exposed to fumes produced.? **° It is often the case that studies focus on stark pathologies of
exposure and ignore more subtle effects. For example, studies exploring the oncogenicity of chemicals, like
NNK, have tumor formation and genetic mutations as endpoints. However, there are some studies that have
focused on understanding the effects from prolonged low exposures in various organs, like the lung.% 5%
153 NNK is one of the major contenders for deleterious effects in nicotine products. NNK owes its hazard
to its” chemistry and biological interactions which allows it to modulate cell behavior and freely move in

and out of the cell .3

In this study, we investigated the effects of NNK delivered through the intranasal route at an acute
and chronic regiment. We observed its effects in vivo through IVM and confirmed findings through
immunofluorescence imaging. Our results show that NNK treatment, whether it is acute or chronic, yields
microglial and vessel effects. These are more pronounced in the chronic treatment indicating an additive
effect over time. Previous studies have shown that pro-inflammatory cytokines are released in microglia
with activated morphology.®® % 7 13° The morphological changes observed in microglia indicate that a
response to treatment can lead to potential pro-inflammatory signaling. However, the added observed effect
detected in the vessels suggests that these changes are likely for preservation and not simply for
maintenance. Under normal conditions, microglia can regulate vascular structure and function without
morphological changes (Bisht et al 2021) but a shift in morphology coupled with grouping along the vessel

has been shown to be associated with disease and injury.*®

Future endeavors include further processing of different aspects of the microglia such as that of the

involvement of the processes. Moreover, dynamic data from microglia time-series recordings are under
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analysis. These include soma and projections data along with uptake of infiltrates. Time resolve information

has the potential to further reveal the intimate relationship between microglia, vessels, and insult.

Other future studies can include the use of molecular markers to investigate the different states of
microglia as it relates to morphology, such as proinflammatory states when treated with NNK. These studies
can also link to potential damages caused in other cell types and their components. The involvement of
endothelial cells and TJs play an important role in BBB function and understanding the state of these during
NNK treatment can reveal further relevant information. Given that NNK has been linked to DNA adduct
formation and nAChRs activation, additional studies could be conducted to understand if the distribution
of DNA damage is linked to the distribution of nAChRs throughout the brain. The investigations of these
could also help elucidate a potential mechanistic link to neurodegenerative disorders and tobacco usage as

it has been noted in epidemiological studies.

Together, our data shows that NNK treatment has a marked effect on microglia and the BBB. The
nature of the insult indicates that these effects can potentially interfere with normal function and lead to

aggravated effects of underlying pathologies.
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