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Abstract

Brain homeostasis can be affected in a number of ways that lead to gross anatomical,
cellular, and molecular disturbances giving rise to diseases like Alzheimer’s disease
(AD) and related dementias. Unfortunately, the mechanistic pathoetiology of AD’s
hallmark features of cerebral amyloid plaque buildup and neuronal death are still
disputed. Using human brain AD sections, immunohistochemistry experiments
revealed internalized surface proteins, co-localized to an expanded lysosomal
compartment. Other stains for amyloid-p;_4> (AP42) and various immunoglobulin (Ig)
species displayed them leaking out of the cerebrovasculature through a dysfunctional
blood-brain barrier (BBB), binding to neurons in the vicinity, and localizing to
intracellular vesicles presumably en route to lysosomal degradation. To more clearly
elucidate this process, a cell culture model system was established and assayed for

aspects of an autoantibody (aAb)-mediated enhancement of amyloid internalization.

In a pilot study investigating the role of inhaled anesthetics on the BBB as an acute
irritant, we were able to demonstrate the leakage of IgG into the cerebral cortex. As in
our AD models and pathological slides, the aAbs bound to subsets of neurons and
were increased in regions of BBB breakdown. The extent was directly proportional
to the age of the animal, which parallels the incidence of post-operative delirium seen

in the clinical setting, thus suggesting a potential link.
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Lastly, the ability to assay BBB integrity clinically has remained elusive, yet is
invaluable for pre-symptomatic diagnoses and potential treatments. In a previously
published study using a diabetic young pig model, pathological changes were
demonstrated in the brain parenchyma that faithfully recapitulated AD-type changes.
The retinas of these pigs were also investigated for regions of blood-retinal barrier
(BRB) leakage and neuronal pathology in the ganglion cell layer. This allows for a
juxtaposed comparison between the BBB and the BRB, and opens up doors to use the
BRB clinically as a surrogate system to detect ongoing BBB pathology. Taken
together, these studies broaden the landscape of knowledge surrounding AD and other
neurological diseases, providing new perspectives on pathogenesis, diagnosis, and

treatment efforts.
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INTRODUCTION

The role of the blood-brain barrier and cerebrovasculature in development of

the two most common forms of dementias.

Dementia: The most feared disorder by the elderly population.

A survey carried out in 500 individuals aged fifty years and older in the United
Kingdom revealed that dementia is the most feared disease by about 70% (news
agencies 2014, The Press Association 2014). The second was cancer, by only 10%
(news agencies 2014, The Press Association 2014). The Diagnostic and Statistical
Manual (DSM) - 5" edition stratifies dementia into nine subtypes of neurocognitive
disorders (NCDs). These include: Alzheimer’s disease (AD), frontotemporal lobar
degeneration, Lewy body disease, vascular disease (previously vascular dementia,
VaD), traumatic brain injury, substance/medication-induced, HIV infection, prion
disease, and Parkinson’s disease. AD and VaD (also known as vascular cognitive
impairment) comprise 60-80% and 15-20% of the total NCD cases, respectively. As
the overwhelming majority of the cases, AD afflicts one in nine individuals over the
age of 65. Presently about 5.3 million Americans are suffering from AD. Compared
to the most prevalent fatal diseases, only in the case of AD is the number of deaths
steadily increasing. The seven-fold increase in fear of dementia over cancer in the
elderly population can perhaps be attributed to the lack of effective treatment coupled
with inevitability of outcome. This absence of adequate medical intervention is

largely due to a poor understanding of the pathogenesis and etiology of most types of
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NCDs, AD included. Here we present selected studies that have demonstrated an
abnormal cerebrovasculature as the inciting factor in two of the most prevalent
dementias, AD and VaD. We also address some of the controversies that have
prevented adequate recognition of the key role of the abnormal cerebrovasculature in

etiology of these diseases.

Abnormalities of the cerebrovasculature may contribute to impaired brain
homeostasis, neurodegeneration, and ultimately dementia.

The phrase “abnormal cerebrovasculature” is terminology intended to blanket all
kinds of perturbations to blood vessels in the cerebral cortex of the brain. Other
terminologies implying damage to cerebral blood vessels include blood-brain barrier
compromise / breach / permeability, bleeding (micro/mini), cerebral hemorrhage,

cerebral amyloid angiopathy, arteriosclerosis, and more (Deramecourt et al. 2012).

Given the importance of maintaining a strictly regulated microenvironment in the
brain, it is essential to control exactly what enters and leaves the brain. Thus, the
fluid that bathes the central nervous system, the cerebrospinal fluid (CSF), is not
merely an ultrafiltrate of blood, but the result of a dynamic interplay between the
blood and all of its components and the cellular entities that prevent or facilitate
transport into the brain. In most parts of the cerebral cortex and hippocampus, the
cerebrovasculature prevents free exchange of blood components between the neurons

and the general circulation (Abbott et al. 2010, Hawkins and Davis 2005). This

14



barrier function is due to the presence of tight junctions between neighboring vascular

endothelial cells that line the walls of cerebral blood vessels.

The monolayer of brain microvascular endothelial cells that forms the tight junctions
that serve as the physical barrier is emphatically referred to as the “blood-brain
barrier” (BBB). Other cellular structures and associations such as astrocytic foot
processes, pericytes, basement membrane, and tight junction proteins further
strengthen this barrier and are collectively, along with neurons, called the
“neurovascular unit”. Acting as a hindrance to the passage of blood-borne pathogens,
rampant post-prandial glucose levels, soluble immune effector molecules, and cells,
the primary function of the BBB is to preserve an optimal brain homeostasis, an
essential prerequisite for the normal functioning of neurons operating in a complex
electrochemical environment (Abbott et al. 2010, Hawkins and Davis 2005, Kalaria

2010, Reese and Karnovsky 1967).

AD: The most prevalent type of dementia, characterized by progressive,
multifactorial neurodegeneration.

AD is a neurodegenerative disorder characterized by a progressive and irreversible
decline in memory and cognition in the elderly. Degenerative changes found in the
AD brain consist of a loss of neurons and disruption of neuronal circuits in cortical
and hippocampal brain regions (Braak and Braak 1991, Gomez-Isla et al. 1997, Mirra
et al. 1991, Selkoe 2002, Wisniewski, Wisniewski, and Wen 1985). Amyloid plaques

(APs) and neurofibrillary tangles (NFTs) in the brain parenchyma are considered to
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be key microscopic pathological hallmarks of AD. More recently, radiological scan
studies have demonstrated enhanced levels of amyloid-f;.4> (AP42) peptides in the
brains of both AD and control subjects (Klunk et al. 2004). Observations like these
corroborate AD as an aging-associated progressive disease where the pathogenesis
could have started decades prior to the onset of overt clinical symptoms (Blennow, de
Leon, and Zetterberg 2006). In addition to extracellular amyloid deposits referred to
APs, extensive intraneuronal A4, deposits have been reported in both AD and age-
matched control cortices and hippocampi as well as in various animal models
(D'Andrea et al. 2001, Nagele, Clifford, et al. 2011, Nagele et al. 2002, Gouras et al.

2000, Wirths and Bayer 2012).

Increasing age is the most important risk factor for AD. Aging is associated with
significant changes in physical and metabolic activities. Receding cortical volume,
cerebral atrophy, lacunar infarction, and compromised BBB are some of the well-
recognized changes in aging brains (Mooradian 1988, Enzinger et al. 2005, Jeong et
al. 2015). In fact, in a longitudinal study carried out on 85 year-old demented and
non-demented controls, Skoog and colleagues reported a leaky BBB in individuals
that later developed dementia (Skoog et al. 1998). In addition, metabolic disorders
such as diabetes mellitus and dyslipidemia, particularly type 2 diabetes and
hypercholesterolemia, are also associated with aging and have been regarded as
additional risk factors for AD (Carlsson 2010, Craft 2009, Ohara et al. 2011).
Furthermore, diabetes, hypertension, hyperlipidemia, and cardiovascular diseases are

widely recognized as comorbid diseases associated with aging (Davis, Chung, and
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Juarez 2011). Vascular inflammation and increased oxidative stress are also reported
in aging population (El Assar, Angulo, and Rodriguez-Manas 2013). With millions
of identified AD cases and additional tens of millions suffering from comorbid
diseases with AD, the exact impact and cost is hard to predict. For the year 2014, AD
was estimated to cost $214 billion in the US. Unfortunately, no cure exists for AD,
and the few drugs that are available show mild efficacy at symptomatic management.
This unmet medical need is due in some part to the fact that the pathogenesis of AD is
not clearly understood, and key features remain embroiled in controversy amongst

experts in the field.

AD has as unknown etiology but numerous hypotheses.

Even one hundred years since its discovery, the pathogenesis of AD remains elusive
and highly contested. Although the presence of amyloid (senile) plaques and NFTs is
well recognized, how and why they appear in the brain is still unclear. These
pathological features form the basis for the two most prominent hypotheses
describing AD pathogenesis: the amyloid hypothesis and tau hypothesis. The
amyloid hypothesis is based on the deposition or accumulation of AP4, peptides
generated during the amyloidogenic pathway of amyloid precursor protein (APP)
processing by B- and y-secretases. The function of APP and A4, peptides in the
brain is still unknown. Thought to be involved in synaptic formation early in

neurogenesis and throughout life, excess amyloid may aggregate and accumulate as
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insoluble fibrils, eventually impinging on cytoplasmic volume and disturbing cellular

function.

NFTs are generated from the hyper-phosphorylated form of the Tau protein. Tau
belongs to the class of proteins known as “microtubule associated proteins”. Its
function is to promote microtubule assembly and stabilization, and it is found in all
nucleated cells. In AD pathology, Tau becomes hyper-phosphorylated by various
kinases, such as glycogen synthase kinase-3. Hyper-phosphorylated Tau forms
NFTs, instead of promoting microtubule stability. The structural imbalances that
ensue cause a spiraling, or corkscrew appearance of axonal processes, irreparable
neuronal damage, and fibrillar aggregates that disrupt cellular transport and
architecture. These so-named “neurofibrillary tangles” are left as remnants within
dead neurons. The Tau hypothesis states that as NFT production progresses, cellular
transport mechanisms and structural supports collapse, culminating in damage and
cell death. A4, oligomers have been found to associate with microtubules and can
contribute to the breakdown of the microtubule integrity. It is well established that
the NFT formation occurs as a downstream event, and amyloid aggregation stimulates

a cascade of cellular pathways culminating in various kinase activation states.

Aside from these leading hypotheses, other associations are also gaining interest. For
example, apolipoprotein E (APOE) is present on chylomicrons and intermediate-
density lipoproteins (Evans et al. 1997, Sando et al. 2008). It plays a role in the

catabolism of triglycerides present in lipoprotein complexes. However, an isoform of
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APOE, derived from the €4 allele, has been widely accepted as a genetic risk factor
for the late-onset variant of AD (Evans et al. 1997, Sando et al. 2008, Corder et al.
1993). Alternatively, the cholinergic hypothesis attributes aberrant cholinergic firing
as a causative factor in AD pathogenesis (Terry and Buccafusco 2003). Numerous
abnormalities associated with choline metabolism have also been reported in the
cholinergic neurons of elderly and AD patients. Moderate alleviation of AD
symptoms using cholinergic drugs lends credence to this hypothesis. More recently,
an abnormal cerebrovasculature has also been implicated in AD pathology (Kalaria
2010, Breteler 2000, de la Torre 2002). Efficient vasoreactivity in brain blood vessels
is vital to meet the strict oxygen and glucose demands of the brain. Any
modifications in the brain vasculature could impair normal brain homeostasis leading
to neurodegenerative changes and impaired function (de la Torre 2002, Breteler 2000,

Kalaria 2010).

The role of a permeable BBB in AD pathology is highly debated.

As mentioned above, an abnormal cerebrovasculature has been described using
various  terminologies - BBB  compromise/breach/permeability, bleeding
(micro/mini), cerebral hemorrhage, cerebral amyloid angiopathy, and arteriosclerosis.
The association between BBB breach and AD is not a new concept (Erickson and
Banks 2013, Bowman and Quinn 2008, Farrall and Wardlaw 2009, Rosenberg 2014).
The integrity of the BBB has been questioned and linked to AD pathology for over
three decades by several groups. To assess the functionality of the BBB, albumin or

immunoglobulin (Ig) G levels in CSF and plasma/serum have been compared to
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demonstrate the extent of BBB integrity. Albumin and IgG are normally absent in
brain parenchyma, as they cannot freely cross the BBB. Thus, their appearance in the
CSF indicates an increased BBB permeability. Radiologic imaging studies using
computed tomography or magnetic resonance imaging have been employed to
analyze BBB integrity (Bowman and Quinn 2008, Farrall and Wardlaw 2009,
Rosenberg 2014, Erickson and Banks 2013). Immunohistological studies aimed at
detecting extravasated IgG and albumin within the brain parenchyma have also been
widely employed to survey the status of the BBB. Estimations provided by albumin
quotients, IgG indices, and imaging studies can be carried out in vivo, while
histological studies are limited to post-mortem tissue. Investigators supporting and
refuting the role of an impaired BBB in AD pathology can be found in similar

proportions.

In vivo studies of BBB compromise indirectly support its tie to AD and VaD

Albumin quotients and IgG indices are used to identify BBB leak. Alafuzoff’s group
first assayed albumin levels in the CSF and serum after others demonstrated its
potential use in evaluating BBB integrity (Alafuzoff et al. 1983, Tibbling, Link, and
Ohman 1977). They found significantly higher levels of albumin in CSF of multi-
infarct dementia (a subtype of VaD) and AD (then characterized as “senile dementia
of Alzheimer type” or “SDAT”) compared to controls (Alafuzoff et al. 1983).
Another study conducted by Elovaara and others measured nephelometric readings of
immunoglobulins and serum protein ratios in the CSF of age-matched controls and

AD patients — ambulatory and institutionalized (Elovaara et al. 1985). They reported
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increased CSF/serum ratios for both albumin and IgG in both types of AD patients
compared to controls. In another effort, an increased mean albumin ratio in AD
patients compared to healthy controls was shown (Blennow et al. 1990). An
interesting study using patients with major depression and AD of early and late onset
was conducted by Hampel and colleagues, in which they reported lower levels of
serum albumin and IgG in patients with AD and major depression (Hampel, Kotter,
and Moller 1997). Among all patient groups, those with late-onset AD or major
depression also demonstrated a significantly lower level of serum albumin compared
to early onset AD patients (Hampel, Kotter, and Moller 1997). They also reported
pathological CSF/serum ratios of albumin and IgG in both AD and major depression
patients compared to controls (Hampel, Kotter, and Moller 1997). Along these same
lines, Wada and colleagues compared AD patients to controls and showed
significantly elevated levels of CSF albumin and albumin quotients in the AD cohort

(Wada 1998).

Further support for the “BBB hypothesis” came from a longitudinal study of 85 year-
olds for three years (Skoog et al. 1998). Of the 65 individuals at the beginning of this
study, 13 were diagnosed with AD, 14 with VaD, and 2 with other dementias. Seven
individuals developed dementia during the remainder of the study, while the other 29
remained non-demented. The authors reported an increased mean CSF/serum
albumin ratio in AD and dementia patients compared to that of controls. Most
interestingly, three of the non-demented women that later developed dementia had a

higher CSF/serum albumin ratio compared to those who did not develop dementia,
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suggesting BBB breakdown as an upstream event prior to symptom manifestation. In
a similar prospective analysis, Bowman and colleagues conducted a one-year follow-
up study on 36 mild to moderate AD patients (Bowman et al. 2007). Using a CSF-
albumin index, they reported an increased extent of BBB compromise in eight of
these patients. Additionally, the authors were able to successfully correlate the CSF-
albumin index with rates of disease progression using a Mini-Mental State
Examination and annual Clinical Dementia Rating sum-of-boxes change and annual
ventricular volume change (Bowman et al. 2007). With respect to the CSF/plasma
albumin ratio, Algotsson and Winblad also reported a greater incidence of BBB
breach in male AD patients compared to female AD patients (Algotsson and Winblad
2007). They suggested gender biases for CSF/serum albumin ratio and plasma
creatinine levels. More recently, Chalbot and colleagues have described a greater
sensitivity for CSF secretory Ca*'-dependent phospholipase A, (sPLA,) activity in
detecting BBB compromise when compared to that derived from the albumin quotient
(Chalbot et al. 2011). By measuring sPLA; activity, they detected a greater incidence
of BBB compromise in AD patients compared to healthy and non-demented controls.
Taken together, these studies suggest a connection between BBB integrity and AD
pathology. However, investigations carried out by other teams failed to observe the
presence of a compromised BBB in AD patients (Kay et al. 1987, Mecocci et al.
1991, Frolich et al. 1991). Caution must be taken given the number of confounding
factors that may contribute to dissenting results, but the data as a whole trend toward
favoring a BBB component that is still in need of an optimized blood or CSF assay

for more precise detection.
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Histological studies can directly confirm BBB breakdown in AD.

Using histological sections taken from AD and control brains, the integrity of the
BBB has been widely tested by detecting the presence of blood components in the
brain interstitium that are normally confined to the vasculature. With an intact BBB,
immunohistochemistry confirms that the brain parenchyma is largely devoid of IgG
and albumin. Wisniewski and Kozlowski first utilized the local leakage of IgG and
albumin to assess BBB integrity in brain samples (Wisniewski and Kozlowski 1982).
They reported perivascular leakage of these components in SDAT brain sections. The
extent of leakage was severe in regions demonstrating widespread signs of AD
pathology. They also reported weak immunoreactivity in control brains and in brain
regions devoid of amyloid plaques, emphasizing a temporal and spatial relationship
between local BBB breakdown and the presence of AD-related pathology. DeReuck
described a greater prevalence of cerebrovascular lesions, micro- or mini-bleeds in
regions of AD brains that demonstrated cerebral amyloid angiopathy compared to
controls (De Reuck 2012). Their work also reported mini-bleeds (microscopic, often

subclinical, bleeding) in the age-matched controls (De Reuck 2012).

On the contrary, there are several histological reports that have failed to detect any
significant difference in the extent of BBB breach. Using SDAT and multi-infarct
dementia brain samples, Alafuzoff and colleagues did not observe any difference in
BBB permeability between the demented and non-demented age-matched control

groups (Alafuzoff et al. 1987). In AD and non-demented controls, Rozemuller’s
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group observed variations in the immunoreactivity of plasma proteins (Rozemuller et
al. 1988). They associated this difference to the fixation period during tissue
processing rather than an abnormal BBB (Rozemuller et al. 1988). Munoz and co-
workers also failed to find evidence of BBB breach in AD and multi-infarct dementia
patients (Munoz et al. 1997). Along these lines, Tomaimoto et al., reported an
increased BBB breach in white matter lesions in cerebrovascular disease compared to

AD (Tomimoto et al. 1996).

Imaging studies are inconclusive and limited by their ability to resolve the
microvasculature.

Several groups have used computed tomography (CT), positron emission tomography
(PET), and magnetic resonance imaging (MRI) for detecting BBB breaches in AD
and control brains. In spite of employing these sophisticated techniques, all of these
groups have failed to observe any substantial evidence of BBB breach in AD and
dementia patients (Erickson and Banks 2013, Rosenberg 2012). Recently, Montagne
and colleagues demonstrated aging-associated BBB breaches in the hippocampus
(Montagne et al. 2015). Using advanced dynamic contrast-enhanced MRI capable of
quantifying regional BBB permeability in vivo, the investigators demonstrated
increased BBB compromise in aging individuals (Montagne et al. 2015).
Additionally, they reported accelerated BBB compromise in the hippocampus of

patients with mild cognitive impairment, a well-recognized early stage of AD.
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Abnormal cerebrovasculature and impaired BBB are detectable in AD brains using
immunohistochemistry.

Our group has examined brain samples from clinically confirmed AD and age-
matched non-demented controls to investigate the state of the cerebrovasculature and
integrity of the BBB. Utilizing immunohistochemistry, we have mainly studied the
extravasation of plasma components such as IgG, Clq, and AP peptides (Nagele,
Clifford, et al. 2011, Clifford et al. 2007). In accord with other studies, we have also
taken advantage of perivascular leakage of these plasma components and used this
feature as a tissue biomarker for BBB compromise. In most cases, these leak clouds
were found surrounding or near the leaky blood vessels (termed source blood vessels)
or their origins could be easily traced. In AD brains, we have observed a greater
incidence and extent of focal perivascular leakage of IgG, Clq, and AP4, peptides
(Clifford et al. 2007). The AD cortex and hippocampus had the greatest extent and
number of leaky blood vessels (Nagele, Clifford, et al. 2011). However, these were
sometimes coincident with adjacent regions that lacked leakage of plasma
components and thus appeared to be largely normal. As reported by Wisniewski and
Kozlowski, we have also frequently observed some extent of local BBB breach in
age-matched controls (Wisniewski and Kozlowski 1982, Nagele, Clifford, et al.
2011). We were further able to measure an increased incidence of cerebral amyloid
angiopathy in the AD cerebrovasculature, in support of work done by Wisniewski,
Kozlowski, and De Reuck (De Reuck 2012, Wisniewski and Kozlowski 1982,

Clifford et al. 2008). Lastly, we also demonstrated an increased incidence of
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perivascular leakage from blood vessels that concomitantly exhibited a greater extent

of cerebral amyloid angiopathy (Clifford et al. 2008).

We have also investigated the integrity of the BBB in several animal models: Swiss
Webster mice, Sprague Dawley rats, and Yorkshire domestic pigs. In mice, we were
able to induce chronic BBB compromise by periodically injecting Pertussis toxin
(Clifford et al. 2007). Upon immunohistological examination of these brains,
perivascular IgG leak clouds were evident and comparable to those seen in the human
AD cortex. Recently, Sprague Dawley rats at different ages were used to study the
effects of inhaled anesthetics, such as Sevoflurane and Isoflurane, on the BBB and
cerebrovasculature (Acharya et al. 2015). Older rats exposed to Sevoflurane showed
the greatest extent of BBB breach as represented by IgG extravasation. At the
regions of IgG leakage in these rats, the histological picture was again similar to that
of AD (Acharya et al. 2015, Clifford et al. 2008, Nagele, Clifford, et al. 2011).
Lastly, we showed compromise in BBB structural and functional integrity in
Yorkshire domestic pigs with long-term diabetes mellitus and hypercholesterolemia,
both well-known risk factors for dementia (Acharya et al. 2013). The permeability of
the BBB in these animals was increased and IgG leak clouds were prominent, once
again corroborating findings in AD and further supporting diabetes as a potent risk
factor for AD through its effects on the vasculature (Acharya et al. 2013). Based on
these studies, we conclude that immunohistochemistry is the most reliable and direct
method to detect and quantify BBB compromise. Unfortunately, this approach comes

with the obvious limitations that it is reserved for postmortem tissues. In contrast to
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the work of Rozemuller, we have not seen differences in immunoreactivity due to

fixation technique and chemicals used [59].

Reservations limiting the role of BBB in AD pathology.

Investigators working in the areas of BBB and AD are split into camps that support or
refute the purported role of the BBB in AD pathology. As mentioned above, our
studies have strongly suggested that the BBB is compromised during AD
pathogenesis. Here, we offer plausible explanations for some of the reports that
continue to question the role of the BBB in AD pathology. First is the occurrence of
BBB breach in apparently healthy control individuals (Nagele, Clifford, et al. 2011).
In a recent study using Sprague Dawley rats, we observed an aging-associated
increase in BBB permeability (Acharya et al. 2015). Likewise, in healthy pigs that
served as age-matched controls for diabetic and hypercholesterolemic pigs, we
demonstrated some extent of BBB compromise (Acharya et al. 2013). In humans,
one requirement for sporadic AD is advanced age. Even after the diagnosis of AD,
cognitive abilities continue to decline at a variable pace over a period of four to eight
years on average. Recent studies now suggest that AD-related pathology may be
initiated as early as two to three decades prior to symptomatic presentation and
clinical diagnosis (Blennow, de Leon, and Zetterberg 2006). Thus, in a disease as
prevalent as AD, it is likely that many apparently healthy individuals often used in
studies as age-matched non-demented controls are, in fact, harboring AD-related
neurodegenerative changes. As such, they are actually asymptomatic (or pre-

symptomatic) AD patients, and are not true controls at all. Starr and colleagues
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reported a similar extent of BBB leakage between AD and non-demented older
controls, giving further support for an aging-associated BBB compromise (Starr et al.
2009). Aging certainly plays a significant role on the permeability of the BBB
globally, but many questions still obviously remain, like the importance of location
and extent in the onset of dementia as it relates to BBB breakdown. Based on these
data, we conclude that the permeability of the BBB increases with aging and AD,
with variations in the location and extent of leak ultimately determining the site and

rate of progression of the pathology and when telltale symptoms will emerge.

The second controversy stems from the failure to detect a significant indication of
BBB breach in AD patients using imaging studies. This may be due to the limited
resolution and sensitivity of this approach (Jellinger and Attems 2007). The brain
contains many blood vessels of varying sizes, and current and widely used imaging
techniques are not capable of detecting ongoing vascular leakage at the microscopic
level within the microvasculature as reported by De Reuck (De Reuck 2012). This
concept is illustrated in figure 1. To this point, the subclinical and apparently
asymptomatic micro-bleeds require a degree of sensitivity outside the threshold of
detection by currently available radiological imaging modalities. These bleeds are,
however, readily detected in immunohistochemical preparations of postmortem

tissues.

The third controversy is the selective appearance of BBB compromise in regions of

pathology in AD patients. Bowman and colleagues reported an increased CSF-
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albumin index in only eight out of 36 AD patients (Bowman et al. 2007). In this case,
it is possible that the extent of BBB compromise in the remaining AD patients may
not yet have reached a level in the brain tissue that is reflected by a detectable
threshold of CSF-albumin index. In diabetic and hypercholesterolemic pigs, we have
also observed regional variations in A4, loading by cortical pyramidal neurons,
apparently paralleling the varied extent of local BBB breach in darapladib-treated and
control pigs (Acharya et al. 2013). In fact, in AD brains, it is common to observe
groups of adjacent pyramidal neurons, presumably supported by the same local
vascular network, at similar stages of intra-neuronal amyloid loading. Individual
variations, particularly those occurring in different regions of the same brain, is a
major problem for all human studies, as it is very difficult to account for all the
necessary confounds. Moreover, it becomes an extremely arduous task to find older
individuals with only one type of chronic disease. Besides AD, aging is frequently
associated with a wide variety of other chronic illnesses — diabetes, cancer,
cardiovascular diseases, inflammation, traumatic brain injury, etc. It is likely that the
aforementioned agonal and comorbid states play a crucial role in contributing to
individual and case-to-case variations that have a tendency to lend confusion to our
understanding of the disease process, a towering problem for the forward progress of

research and medicine in general.
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BACKGROUND

BBB breakdown and neuron-binding immunoglobulin (Ig) G is a novel “two-hit
hypothesis” that could contribute to AD initiation and progression.

Tying together the new model to strengthen the old

As mentioned previously, the two microscopic pathological hallmarks of AD are APs
and NFTs. Previous studies carried out by our group and others have shed light on
the generation of these AP4,-containing plaques in relation to BBB compromise. This
work has led us to propose a mechanistic explanation for the generation of amyloid
plaques, the intraneuronal origin of A4, peptides, and the pathophysiological

mechanisms leading to BBB compromise.

The current amyloid hypothesis suggests that AP4; is directly and gradually deposited
in the extracellular spaces within the brain to form APs, and does not include the
progressive deposition and intracellular accumulation of A4, inside neurons,
particularly pyramidal neurons, despite the fact that it has been repeatedly reported in
human, pig, and various mouse transgenic models (Clifford et al. 2007, D'Andrea et
al. 2001, Gouras et al. 2000, Nagele et al. 2002, Wirths and Bayer 2012, Nagele,
Clifford, et al. 2011, D'Andrea and Nagele 2006, D'Andrea et al. 2002). In addition,
the prevailing thinking assumes that neurons are the main source of the amyloid and
secrete it into the extracellular space to form plaques. However, for some reason,

much less attention is given to the possibility that, under conditions of BBB
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breakdown, the peripheral circulation is a major source of the Af4, that is found
within neurons and plaques during AD pathogenesis (Clifford et al. 2008, Nagele,
Clifford, et al. 2011). In fact, the inverse relationship between the number of plaques
observed and number of local pyramidal neurons in any given region of the cortex is
highly suggestive that plaques may actually represent the remnants of dead neurons
(D'Andrea et al. 2001, Nagele, Clifford, et al. 2011, Nagele et al. 2002). Additional
support for a neuronal origin of amyloid plaques includes the following: (1) plaques
are most abundant in brain regions that are normally populated by the cell bodies of
neurons, especially pyramidal neurons (D'Andrea and Nagele 2006, D'Andrea et al.
2002, D'Andrea et al. 2001, Nagele, Clifford, et al. 2011, Nagele et al. 2002); (2) the
size of plaques in the cerebral cortex of AD brains is directly proportion to the size of
local neurons from which they are presumably derived (D'Andrea and Nagele 2006,
D'Andrea et al. 2002, D'Andrea et al. 2001, Nagele, Clifford, et al. 2011, Nagele et al.
2002); (3) plaques contain numerous intracellular proteins that are known to be
somewhat resistant to lysosomal degradation such as cathepsin D, ubiquitin, and tau
(D'Andrea et al. 2001, Zhang, Sheng, and Qin 2009, Thara, Morishima-Kawashima,
and Nixon 2012); and (4) plaques contain neuronal mRNAs and DAPI (4',6-
diamidino-2-phenylindole)-positive nuclear remnants (D'Andrea et al. 2001, Ginsberg
et al. 2000). All of the above hint at remnants of degenerated cellular structures
within AP42-containing amyloid plaques (D'Andrea et al. 2001). Since intact
pyramidal neurons in AD brains also show selective and often extensive

accumulation of A4, peptides, we have concluded that the degeneration and eventual
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lysis of a neuron harboring intracellular deposits of A4, peptides can result in the

generation of a single dense-core amyloid plaque (D'Andrea et al. 2001).

A key feature of intraneuronal deposition of A4, is its selectivity for pyramidal
neurons in AD brains. We have proposed that this selectivity is due to the fact that
most pyramidal neurons in the cerebral cortex highly express the o7 nicotinic
acetylcholine receptor (a7nAChR). Earlier studies carried out by Wang and
colleagues, have demonstrated a high binding affinity between a7nAChR and A4,
(Wang, Lee, Davis, et al. 2000, Wang, Lee, D'Andrea, et al. 2000). In support of this,
histological studies have revealed a selective accumulation of A4, peptides in
neurons that express a7nAChR in the AD cerebral cortex and hippocampus (Nagele et
al. 2002). Using SK-N-MC neuroblastoma cells that over-express a7nAChR, it was
also demonstrated that a7nAChR and A4, are co-localized in these cells (Nagele et
al. 2002). In vitro experiments carried out on a7nAChR-transfected SK-N-MC cells
also shed light on the role that a7nAChR plays in endocytosis of exogenous Afa,.
When these cells were treated with an inhibitor of endocytosis and an antagonist of
a7nAChR, they failed to demonstrate APs, accumulation (Nagele et al. 2002).
Moving to a mouse in vivo model system, researchers used fluorescein isothiocyanate
(FITC)-tagged A4, peptides to track their internalization in the mouse brain (Clifford
et al. 2007). Here, FITC-tagged AP4, peptides were introduced into the general
circulation by tail vein injection. The BBB of these mice was compromised by

injecting Pertussis toxin. Consequently, these mice demonstrated selective
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accumulation of FITC-tagged AP4, peptide in cortical pyramidal and hippocampal

hilar neurons (Clifford et al. 2007).

Without exception, all brain regions showing AD-related pathological changes
contain neurons that are IgG-positive (Acharya et al. 2015, Acharya et al. 2013,
Nagele, Clifford, et al. 2011). Western analysis has been used to confirm the
presence of brain-reactive aAbs in all mammals tested thus far, including cow, pig, rat
and mouse, with their numbers in any one individual in the thousands (Acharya et al.
2013, Nagele, Clifford, et al. 2011). The ability to translate the simple binary output
of a Western blot into a complex microarray plate with nearly 10,000 human proteins
has highlighted the potential utility of autoantibodies for disease diagnostics (Han et
al. 2012, Nagele, Han, et al. 2011, DeMarshall et al. 2015). We are now able to
stratify selective profiles of aAbs as biomarkers significant for age, sex, and disease
state (Nagele et al. 2013). In addition, we have shown, using adult mouse brain slice
cultures, that some brain-reactive autoantibodies are able to induce AP

internalization in pyramidal neurons (Nagele, Clifford, et al. 2011).

As mentioned above, in the event of a BBB compromise, various plasma components
such as AP4, peptides and IgG can enter the brain tissue. We have demonstrated the
selective binding of IgG to pyramidal neurons in the cerebral cortex and hippocampus
in regions of BBB breach in both AD and age-matched non-demented control brains
(Nagele, Clifford, et al. 2011). In studies using adult mouse brain slice cultures, we

also showed that the extent to which AP, accumulates in pyramidal neurons is
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increased when treated with human serum that includes brain-reactive IgG aAbs, and
sera from different individuals varied in their potency for driving intraneuronal A
accumulation (Nagele, Clifford, et al. 2011). Taken together, these studies favor the
idea that intraneuronal accumulation of A4, in pyramidal neurons is triggered and
driven by local BBB compromise, which allows access of brain-reactive IgG aAbs to
targets on the surfaces of local neurons and induces chronic endocytosis of bound
IgG. At the same time, the influx of soluble monomeric and oligomeric A4,
peptides from the peripheral circulation into the brain tissue coupled to their selective
binding to a7nAChRs on the surfaces of the same pyramidal neurons that also bind

IgG, suggests that these events may drive A4, into these cells via endocytosis.

The second hallmark of AD pathology, NFTs, is usually associated with advanced
stages of AD pathology. In contrast to APs, there is a scarcity of studies that
demonstrate a direct correlation between BBB compromise and NFTs. But, there are
several studies that have reported AP4;-mediated initiation of NFTs. For example,
primary neurons treated with 20 uM of A4, demonstrated significantly increased
levels of phosphorylated Tau (Thr 235) (Koh, Noh, and Kim 2008). More recently,
Nery and colleagues have demonstrated the association between A4, fibrils,
Glycogen Synthase Kinase-3f activity and phosphorylation of Tau protein in zebra
fish (Nery et al. 2014). The S5dpf larva of zebra fish injected with AP4, peptide
demonstrated weaker avoidance of aversive stimuli compared to controls (Nery et al.
2014). But, on treatment with lithtum chloride, an inhibitor of kinase activity, the

escape response to stimuli was significantly improved. Similarly, the intraventricular
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injection of AP4; also increased Tau phosphorylation at Ser202 and Thr205 that was
inhibited by lithium chloride treatment (Nery et al. 2014). Lithium has recently
gained much attention as a potential AD treatment. Many other kinases in the cell are
also stimulated by AP, which again points to the role of APs; in promoting
production of hyper-phosphorylated Tau protein. Although not directly linked to
breakdown of the BBB, hyper-phosphorylated Tau protein is a downstream substrate
to many of the phosphorylating agents activated by AP4, which enters the brain
parenchyma in the first place through a defective BBB and thus may trigger these

events.

VaD and its close ties to AD may in fact represent similar pathoetiologies.

Accounting for roughly one of every five cases of dementia, VaD is the second most
common cause of dementia or subtype of NCD, behind AD (Roman 2004).
Symptoms include a sudden onset of memory dysfunction, immediate history of
unsteady gait, loss of executive function, and loss of bowel or bladder control,
temporally related to radiologic findings of blood vessel pathology, stroke in
particular (Venkat, Chopp, and Chen 2015, Roman 2004). Upon identification of
these symptoms, patients undergo neuroimaging tests, and in most cases, these
symptoms are associated with one or more types of cerebrovascular lesions in the
corresponding areas of the brain. Most of these investigations reveal extravasation of
blood components from larger blood vessels as a common theme, with concomitant

step-wise deterioration of neurological and neurocognitive function in the affect brain
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region. Thus, the designation of VaD arose as a category of dementia because it was
possible to directly link the condition to pathological changes in brain blood vessels
that are large enough to resolve using imaging. Because large vessels serve larger
blocks of brain tissue, pathological changes associated with VaD are acute rather than
deterioration or loss of function as seen in AD patients. Neuroimaging, clinical
presentations, and a detailed patient history are used for the diagnosis of VaD, an
otherwise difficult condition to distinguish from AD. Using CT and MRI, pathology
in larger vessels may be found which can cause tissue infarction in cortical,
subcortical, or lacunar distributions. Moreover, hemorrhages in the intracerebral,
lobar, subarachnoid, and white matter areas are readily detected using standard
radiologic modalities, which can help to categorize the VaD (Venkat, Chopp, and
Chen 2015, Roman 2004). However, currently used neuroimaging tools have limited
sensitivity in detecting mild but chronic types of cerebrovascular lesions, leakage, and
ischemic manifestations from smaller vessel pathology (Jellinger and Attems 2007).
These so-called micro-bleeds occur in smaller vessels that serve smaller blocks of
brain tissue so that, by themselves, they are insufficient to cause overt clinical
symptoms as suddenly as that of typical VaD. In this case, the microvascular
pathology is generally below the resolution limit of typical imaging methods; and, as
such, the contribution of the vasculature to this condition can only be confirmed at
autopsy (Roman 2004). The conspicuous overlap in the microvascular pathology of
AD and macrovascular pathology of VaD suggests a common mechanistic
underpinning, again lending credence to the vasculature as an upstream landmark by

which to categorize both conditions.
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There is a scarcity of research that points to BBB compromise as a causal factor in
VaD. Mecocci and colleagues did, however, report significantly increased CSF
albumin and an albumin ratio in multi-infarct dementia, a type of VaD (Mecocci et al.
1991). Similarly, in a three-year follow-up study with 85 year-old individuals, Skoog
and colleagues found a significantly increased CSF/serum albumin ratio in VaD
patients compared to that of age-matched non-demented controls (Skoog et al. 1998).
Some of the animal models of VaD have demonstrated incidences of BBB
compromise (Venkat, Chopp, and Chen 2015). Not surprisingly, the majority of
reports aimed at understanding the development of VaD implicate lesions in the

larger blood vessel for its pathoetiology.

Usually the symptomatology, extent of leakage, and brain region will determine the
severity and appearance of the disease phenotype. Unfortunately, there are several
instances in which the regions of vascular pathology are not clearly evident. This
creates a dilemma when giving a diagnosis that determines the treatment. For
example, the comorbidities of VaD and AD have brought about much confusion
among investigators in the field. As reported by Barker and colleagues, out of 382
dementia patients, 294 demonstrated pathological changes similar to AD and VaD as
shown by histological analysis (Barker et al. 2002). Neuropathological studies
conducted similar to that of Barker’s group have also demonstrated a high degree of
overlap between AD and VaD (Breteler 2000, Craft 2009). These comparable

neuropathological and vascular changes between VaD and AD could be the result of
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common risk factors, namely aging, hypertension, DM, hyperlipidemia, stroke, and
cardiac disease (Barker et al. 2002, Kalaria 2010, Snowdon 1997, Snowdon et al.
1997). In conclusion, VaD and AD are similar in that they both display vascular
pathologies, with the major difference between the two being primarily related to the
size of the vessels affects and whether the symptoms evolve more gradually (as in

AD) or in a more acute fashion (as in VaD).

A damaged BBB and cerebrovasculature underlies a continuum between AD and
VaD.

Presently, AD and VaD are the two most common types of dementia accounting for
up to 95% of all dementias. Unfortunately, no single hypothesis currently is able to
explain all of the facets associated with their pathology. Historically, an abnormal
cerebrovasculature has been associated with dementia. Here we have tried to bring to
the forefront and underscore the role of the BBB and abnormal cerebrovasculature in
the initiation and progression of AD and VaD, aligning these conditions along a
continuum of vascular demise, rather than considering them as two distinct and
altogether separate pathological entities. Studies carried out by various groups using
CT and MRI have clearly demonstrated vascular leakage in the patients suffering
from VaD. In most cases, the clinical symptoms correlate with the infarcted or
damaged brain regions. On the contrary, these neuroimaging techniques have failed
to detect comparable levels of vascular compromise in AD. For this reason, many
have questioned the involvement of the abnormal cerebrovasculature in AD

pathology. Based on histological studies carried out by our group and others in AD
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brains, we propose that the vascular lesions in the AD brain are subacute and affected
blood vessels are too small to be resolved using currently employed neuroimaging
and other in vivo imaging techniques. As the chronically compromised
microvasculature perturbs brain homeostasis, it may be more accurate to refer to AD

as “microvascular dementia”.

We believe that AD- and VaD-associated vascular changes are incurred as a result of
more than one type of insult (Figure 1). Aging, diabetes, hypertension, dyslipidemia-
associated comorbid conditions, and trauma may increase one’s vulnerability for an
abnormal cerebrovasculature. The incidentally impaired BBB is only one of the
many contributing factors. But it occurs as an important fulcrum by which the rest of
the mechanism pivots and proceeds. Our research has invariably pointed to chronic
cerebrovasculature leakage as the common upstream event in the pathogenesis of AD
and VaD. Unfortunately, the currently employed in vivo techniques are unable to
detect these microvascular lesions, thus calling for technical improvements that will
make their detection possible. In our opinion, the inability to detect, locate, and
quantify BBB compromise in vivo is the greatest challenge. Being able to detect
BBB compromise and leaky vasculature at subacute levels would be helpful for early
diagnosis, prognosis, and treatment success.  Therapeutic efforts aimed at
strengthening the BBB at early stages of AD and VaD pathogenesis could be the most

promising treatment strategy for preventing AD and other types of NCDs.
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Figure 1: Abnormal cerebrovasculature and BBB breakdown results in
extravasation of plasma components and is common to both VaD and AD.
In VaD, cerebrovascular lesions result in an acute leakage of greater volumes
of plasma components from larger blood vessels. In AD, chronic focal
leakage of plasma components occurs in smaller blood vessels. The smaller
blood vessels lack tunics and are dependent on endothelial cells, pericytes,
astrocytic foot processes, and basement membrane for the containment of
plasma components. Failure to do so is referred to as BBB breakdown. The
volume of blood components exuding from larger blood vessels in VaD is
more readily and easily detected by currently employed neuroimaging
techniques. However, in the case of smaller blood vessel leaks, as is the case
with AD, this volume is below the detectable threshold for radiological

imaging, and can only be visualized in postmortem brain (Goldwaser 2015).
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Post-operative delirium may be linked to the effect anesthetics have on the BBB

General anesthesia refers to a state of unconsciousness in a patient achieved by
medications for amnestic, analgesic, muscle paralytic, and sedative purposes. This is
performed prior to surgeries and procedures that would otherwise produce intolerable
pain and discomfort to the patient. In addition, it allows for optimized conditions for a
surgeon to operate in that the patient is paralyzed and unresponsive to stimuli that

would impede the procedure.

Properties of commonly used anesthetic agents have been studied. One of the most
important parameters is reported as minimum alveolar concentration (MAC), which
denotes the percentage of atmosphere that is anesthetic in the stream of air delivered
to the patient (Acharya et al. 2015, Maldonado 2008). Other factors generally related
to a particular anesthetic are its ability to dissolve in gas or lipid, distribute

throughout the body, etc.

Sevoflurane and isoflurane have been extensively studied in all of the aforementioned
factors, and are two of the most commonly used inhaled anesthetics used in the
operating room. However, cognitive dysfunctions that may arise as a result of
undergoing general anesthesia have not been extensively studied. Most common
anesthesia-related symptoms during the first day post-operatively is vomiting, nausea,
sore throat, and incisional pain (Maldonado 2013). Deaths attributable to general

anesthesia occur in 1 out of 100,000 patients. Perhaps the most pervasive of post-
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operative side effects, however, is post-surgical (operative) delirium (POD). The rate
of POD ranges from 10-74% depending on the type of surgery and population under

study, however delirium itself occurs in up to 50% of elderly inpatients.

This condition constitutes a neurobehavioral syndrome with altered attention,
awareness, and cognition that often develops acutely in response to a systemic,
secondary insult (Association 2013). Current literature disputes the pathophysiologic
connection between general anesthesia and POD, however several models do exist,
likely occurring concomitantly. Some recent studies aimed at surveying the effect
anesthetics may have on the BBB, shedding light on yet another condition that may
be rooted in cerebrovascular dysfunction (Dittmar et al. 2012, Heinemann 2008, Hu
et al. 2014, Sprung et al. 2016, Tetrault et al. 2008, Thal et al. 2012, Zhao et al. 2014).
Most studies however, fail to use a single anesthetic agent when inducing their animal
into a surgical-plane anesthesia. Although polypharmacy is the rule in the operating
room, it may be helpful to begin stratifying all agents used in terms of their respective

abilities to damage the BBB functional integrity.

BBB demise and AD-like pathological changes are noted in a pig model of

diabetes.

Diabetes mellitus (DM) is a metabolic disorder characterized by abnormally high
blood glucose levels, and exists as two major types. Type 1 is described by

hyperglycemia and insulin deficiency resulting from immune-mediated destruction of
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the insulin-producing beta (P)-cells residing in the islet of Langerhans of the
pancreas. This pathoetiology is responsible for only 5-10% of the total diabetic
population (CDC, National diabetes fact sheet, 2011). Type 2 DM, primarily caused
by insulin resistance, accounts for about 90% of DM cases, and more commonly
develops in older individuals. Presently, one in eleven Americans is diagnosed with
DM, while one in three adults is considered pre-diabetic. On the global scale, 346
million individuals are diagnosed with DM, and in the year 2010, 10.9 million
Americans in the age group of 65 years and older were diabetic (CDC, National
diabetes fact sheet, 2011). This age group also accounts for the elderly demographic
at risk to be diagnosed with Alzheimer’s disease (AD) ("2012 Alzheimer's disease
facts and figures," 2012). Epidemiologic studies hinting at the close connection
between DM and AD have increased dramatically in number, according to the recent

literature.

AD is the most prevalent neurodegenerative disease and the most common cause of
dementia in the elderly. One in nine Americans aged 65 years and older is diagnosed
with AD. Among major leading causes of death in America, AD is the only chronic
disease with an increasing number of fatalities. The 99.6% failure rate for AD drugs
in clinical trials has been both unfortunate and disheartening (Cummings JL 2014).
In light of this, the field as a whole is in desperate need of a breakthrough, and serious
attention to novel potential drug targets may provide new opportunities for successful
therapeutic intervention. One promising and accessible target that has thus far

received little attention is the brain vasculature. A number of recent studies have
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suggested a pivotal role for an impaired blood vasculature in the pathogenesis of both
AD and DM. Here, we present some of the evidence supporting the possibility that
an abnormal cerebrovasculature is a common feature of AD and DM, which may

explain why DM is now listed among the most important risk factors for AD.

Blood-tissue barrier systems serve similar functional roles in immunoprivileged

sites.

Diabetes mellitus (DM) and hypercholesterolemia (HC), now considered major risk
factors for AD, have been linked to a chronic inflammatory state resulting in
increased BBB permeability. In a previous study, a DMHC porcine model treated
with darapladib, an inhibitor of lipoprotein-associated phospholipase A, (LpPLA2)
activity, and demonstrated decreased DMHC-mediated BBB permeability and brain
AP4> deposition (Acharya et al. 2013). This fascinating discovery set the stage for a
follow-up study targeting another blood-tissue barrier system found in the ocular
system — the blood-retina barrier (BRB). It was important, then, to use the same
model system, in fact the same animals, to study if DMHC and darapladib had similar
effects on the BRB. The translational scientific relevance of such a study is that the
BRB can be tested clinically using ophthalmologic tools for breaches and
abnormalities in individual layers of the retina known as a fluorescein angiogram.
With the establishment of a correlated pair of vascular structures, the BRB may serve
as a surrogate system to detect concomitant ongoing BBB dysfunction, years before

clinical symptoms present. Such a finding will open up the doors to pre-symptomatic
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detection and treatment options, otherwise rendered unavailable and ineffective by

the time symptoms present and a neurodegenerative disease is diagnosed.

Epidemiological and neuropathological evidence supports a close association

between DM, aging, dementia, and AD.

Several studies have demonstrated a greater incidence of cognitive decline in
individuals with DM. Longitudinal studies carried out in Hashimaya, a small town in
Japan, have strongly established DM as a risk factor for AD (Ohara et al. 2011).
Similar research in the United States, like the Rotterdam and Rochester studies, has
also pointed to DM as a risk factor for AD (Ott et al. 1996, Leibson et al. 1997).
Individuals diagnosed with DM at an earlier age have a greater chance of developing
AD compared to those who became diabetic at age 65 or older (Carlsson 2010, Xu,
Qiu, et al. 2009, Xu et al. 2007, Xu, von Strauss, et al. 2009). Similarly, metabolic
syndrome, a constellation of metabolic conditions that heighten the risk for stroke,
coronary artery diseases, and type 2 DM, also increases the prevalence of AD
(Carlsson 2010, Yaffe et al. 2004). A five-year prospective study carried out by
Yaffe and colleagues has revealed an increased incidence of cognitive decline in

individuals with metabolic syndrome (Yaffe et al. 2004).

A number of neuropathological changes are common to DM and AD. A state of
chronic hyperglycemia in DM patients results in glycosylation of various receptors,

leading to the formation of “receptors for advanced glycation end products” (RAGE)
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(Taguchi 2009). Several studies have reported an affinity between AP peptides and
RAGE, an interaction that has been purported to trigger and propagate chronic brain
inflammation (Taguchi 2009, Yan et al. 1996). Higher levels of RAGE in neurons
populating AD brains further bolster a causal role for RAGE in AD pathology (Yan et
al. 1996). DM and AD are also often recognized as comorbid diseases since
pathological changes such as hyperinsulinemia, glucose intolerance, hyperglycemia,
insulin resistance, atherosclerosis, hypertension, and adiposity are common in
afflicted patients (Carlsson 2010, Craft 2009, Kalaria 2010, Sims-Robinson et al.
2010). Aging, hypercholesterolemia, inflammation, and obesity are additional risk
factors associated with both AD and DM (Carlsson 2010, Craft 2009, Kalaria 2010,

Sims-Robinson et al. 2010, Bowman, Kaye, and Quinn 2012).

An abnormal cerebrovasculature is common in DM and dementias.

Cerebrovascular disease is a general term most often used to describe the
consequences of an unhealthy and abnormally functioning brain vasculature. As the
largest and most evolutionarily advanced part of the human brain, the cerebral cortex
requires a profuse and steady supply of blood for normal functioning. Blood vessels

of different kinds and sizes (structural hierarchies) are available to meet this demand.

It is not surprising that vascular abnormalities are more readily detectable when they
involve larger blood vessels, as they can be more readily visualized by currently
available neuroimaging techniques. Using MRI, increased deep white matter lesions,

cerebral atrophy, subcortical brain atrophy, white matter hyperintensities,
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hippocampal and amygdalar atrophy, and lacunar infarctions have been found to be
more prevalent in type 2 DM patients compared to controls (den Heijer et al. 2003).
The extent of damage and specific brain regions where these changes occur dictate
the nature of the symptomatology. Acute and extensive leakage of blood components
can be detected using MRI and CT, as in VaD cases. However, currently employed
neuroimaging techniques fail to detect subacute or subclinical lesions/leakages
(Snowdon DA 1997, Ikram MA 2011, Starr et al. 2009).

As in other parts of the body, capillaries in the brain exchange oxygen and nutrients
for waste and carbon dioxide. These tiny vessels have a relatively simple architecture
in that they lack the rather elaborate organization of circumferential tunics composed
of smooth muscle layers and connective tissue that is typical of larger arterioles,
venules, and all other blood vessels greater in size. Instead, capillaries are lined by a
monolayer of vascular endothelial cells that serves as a functional barrier between the
blood and the brain, i.e. the BBB. Continuous tight junctions that form between
adjacent brain vascular endothelial cells are the main structural correlate of this
barrier, and a number of tight junction proteins, including claudin -5, -3, and -12,
occludin, zonula occludens (ZO) -1 and -2, and Vascular Endothelial - Cadherin, are
known to be involved in their assembly and maintenance. Pericytes, astrocytic foot
processes, and endothelial basement membranes also appear to support the structure
and function of the BBB, although the exact nature of their individual contributions
are unknown and currently under investigation. Along with neurons, this complex is

often referred to as the neurovascular unit, which is currently depicted as a functional
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entity that conveys information to and from the vasculature and neurons in connection

(Abbott NJ 2010, Zlokovic 2008).

As in AD, there is a rapidly growing body of evidence implicating a dysfunctional
BBB as responsible, at least in part, for many conditions, including epilepsy, multiple
sclerosis, Parkinson’s disease, depression, and schizophrenia (Suit YT 2014, Patel JP
2015, Michalak Z 2012, Hammer C 2013). This makes it reasonable to implicate
BBB breakdown as a common mechanistic link in the initiation and progression of
many, if not all, common neurocognitive disorders, with the nature of the symptoms

being dictated by the exact brain location and severity of the BBB compromise.

Increased BBB permeability is apparent in diabetic patients and animal models.

Several studies have reported increased BBB permeability in diabetic patients. Starr
and colleagues (Starr et al. 2003) used gadolinium and MRI to show significant
increases in BBB permeability in type 2 diabetic patients compared to age-matched
controls. They also reported significantly increased BBB permeability in the deeper
brain regions (basal ganglia), more so than in the superficial areas (cortex), but other

brain regions failed to show similar changes in these diabetic subjects.

In streptozotocin-induced diabetic rats Huber and colleagues observed an increased
BBB permeability for smaller molecules (sucrose, 342 Da) compared to larger
molecules (inulin, 5000 Da) (Huber, VanGilder, and Houser 2006). The observed

increase in BBB permeability was region specific, with the midbrain demonstrating
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the greatest extent of BBB compromise. Furthermore, levels of BBB permeability
increased directly with time after induction of diabetes. They also reported that
insulin treatment was effective in curtailing BBB compromise, especially at earlier
stages of DM. In another study, BBB functional integrity was diminished in
streptozotocin-treated diabetic rats (Hawkins et al. 2007). Interestingly, this
increased BBB permeability was coincident with lowered expression of occludin and
Z0O-1 proteins. Upon receiving insulin treatment, hyperglycemia and BBB
permeability were successfully attenuated. These streptozotocin-treated rats also
showed increased matrix metalloproteinase activity in their plasma. Altered matrix
metalloproteinase activity has been reported in various neurodegenerative diseases
such as AD and epilepsy (Mizoguchi, Yamada, and Nabeshima 2011, Mizoguchi and

Yamada 2013, Wang et al. 2014).

As in the in vivo animal studies, the presence of blood components that are normally
absent in the brain parenchyma are commonly used as indicators of BBB
compromise, with IgG and albumin leakage being the two most widely used for this
purpose. As previously mentioned, Wisniewski and Kozlowski first reported
extensive perivascular leakage of IgG and albumin in AD brain samples compared to
controls (Wisniewski and Kozlowski 1982). In agreement with these early reports,
additional work revealed an increased prevalence of micro- or mini-bleeds, a type of
cerebrovascular lesion, in AD brains compared to controls (De Reuck 2012).
Neuroradiological modalities employed gadolinium-diethylenetriamine pentaacetic

acid (Gd-DTPA) and MRI to demonstrate the presence of a compromised BBB even
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at an early stage of AD (Starr et al. 2009). In this study, however, they failed to
demonstrate any significant difference in the extent of BBB compromise between AD
and age-matched controls. Given the recent understanding that AD pathology can be
ongoing decades before symptoms manifest and the disease is diagnosed, this finding
is not surprising. The ability to accurately establish a “pathologically controlled”
non-AD cohort, rather than a “symptomatically controlled” non-AD cohort, will be
crucial to proper interpretation of these findings. Unfortunately, at present, it is
impossible to detect accruing AD pathology early on in the disease development in

vivo, even though such findings are readily uncovered on post-mortem brain tissue.

Popular rodent models of AD are inadequate for studying vascular changes and early
stages of AD pathology.

Over 100 rodent models are available for studies on AD
(http://www.alzforum.org/research-models). Each of these models were developed
for the purpose of studying one or more aspects of AD-associated neurodegenerative
changes or pathological features of the disease, such as amyloid plaques,
neurofibrillary tangles, reactive gliosis, neuronal loss, synaptic loss, long-term
depression/long-term potentiation, and cognitive decline. Unfortunately, these
animals do not live long enough to develop the same types of aging-associated
changes in the brain vasculature that afflict humans, including BBB breakdown, and
therefore do not naturally develop AD-associated pathologies within their relatively
short lifespan. Using radiotracers and endogenous mouse IgG leakage as markers of

BBB compromise, vascular integrity and BBB function were tested in six of the most
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commonly used rodent models of AD (Bien-Ly et al. 2015). During this study, the
authors failed to observe significant incidence of BBB breach in these mouse models
compared to the controls. This report supports our earlier studies carried out in

Tg2576 mice (unpublished data).

Symptoms associated with AD emerge after many years of progressive
neurodegeneration. The best hope for being able to effectively treat this disease
almost certainly lies in early intervention. The implementation of early treatments, in
turn, will depend on early diagnoses as well as our ability to definitively identify
causal factors that drive the early stages of disease initiation. Based on the
translational studies carried out by our group and others, cerebrovascular breakdown
appears to be one of the common early triggers of AD that is rarely considered while
designing animal models to recapitulate human pathology. Instead, the most widely
used animal models of AD involve forced neuronal overexpression of mutant genes
that does not occur during disease pathogenesis in humans. This provides a likely
explanation for the observation that most AD models fail to show BBB leak (Bien-Ly
et al. 2015). One must also consider that the structural hierarchy of affected vessels
exhibiting BBB compromise seen in the much larger human brain is virtually absent

in the mouse brain.

A porcine model is better suited to mimic human AD, and establishes a link between

BBB compromise and the onset of AD-related pathology.
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In a recent study, we investigated the question of whether or not chronic BBB
compromise could lead to pathological changes consistent with early-stage AD using
a pig model (Acharya et al. 2013). This animal model was originally developed as a
model to study the pathogenesis of atherosclerosis in the great vessels, but was
subsequently found to also increase BBB permeability, thus enabling relatively long-
term studies of the effects of chronic BBB breakdown on the brain (Acharya et al.
2013). HC is often comorbid in humans with DM, which also serves as its own
independent risk factor for developing AD and VaD (Carlsson 2010, Taguchi 2009,
Kalaria 2010, Sims-Robinson et al. 2010, Ledesma and Dotti 2012, Luchsinger and
Gustafson 2009, Harris 1991, Shepardson, Shankar, and Selkoe 2011). An
association between HC and cognitive decline has also been strongly supported by
epidemiological, neuropathological, and animal studies (Shepardson, Shankar, and
Selkoe 2011, Jiang et al. 2012). It was even possible to increase the number and size
of amyloid plaques by feeding a cholesterol-rich diet to AD transgenic mice (Refolo

et al. 2000).

Histopathological analyses of DMHC porcine brains showed an increased incidence
of BBB breach as visualized by a significantly higher level of free IgG present in the
brain parenchyma compared to controls (Acharya et al. 2013). The extravasation of
IgG occurred primarily in arterioles, with little evidence of significant leaks from
venules or capillaries. Interestingly, extravasated IgG was also found to selectively
target the surfaces of pyramidal neurons resident in the cerebral cortex. Along with

the IgG leakage significant for AD-like pathology, the DMHC pigs also exhibited a
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greater density of AP4y-positive neurons compared to controls (Acharya et al. 2013).
Most importantly, pyramidal neurons accumulating AP4, also demonstrated IgG co-
labeling, perhaps alluding to a common mechanistic underpinning shared by these
two events. An “antibody-mediated internalization” phenomenon of A4, is the
current focus of a novel mechanism proposed and investigated for the pathogenesis of
AD (Nagele, Clifford, et al. 2011). In addition, the vasculature in the DMHC pigs
revealed increased instances of cerebral amyloid angiopathy and “corkscrew
dendrites” in association with pyramidal cells, two key histopathological hallmark

features of AD brains (Acharya et al. 2013, Nagele, Clifford, et al. 2011).

Curtailing vascular inflammation that favors BBB compromise should be a

major therapeutic target.

An important outcome of the above-mentioned DMHC porcine study was in
revealing the beneficial effects of darapladib, a potent anti-inflammatory inhibitor of
lipoprotein-associated phospholipase A, developed by GlaxoSmithKline, on BBB
functional integrity (Acharya NK 2013). Treatment of DMHC pigs with darapladib
resulted in a reduction of AD-associated pathological hallmarks described above, and
included a diminution of IgG leakage from blood vessels and a decreased number of
amyloid-burdened pyramidal neurons compared to untreated DMHC controls
(Acharya NK 2013). Essentially, darapladib successfully rescued the animals from
the AD phenotype that was otherwise observed in controls, and restored the

pathological indices measured back to control levels. By inhibiting the BBB
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breakdown, this drug contributed to the proper maintenance of the cortical
microenvironment in DMHC pigs. This suggests that darapladib may have similar
utility in both diabetic and non-diabetic humans, and may also reduce the incidence

and magnitude of the neurodegenerative changes triggered by chronic DMHC.

These outcomes are also in agreement with previous studies that implicate
abnormalities in the cerebrovasculature in the pathogenesis of AD and VaD.
Furthermore, we have recently found that the efficacy of darapladib in inhibiting
vascular anomalies rooted in inflammation may also extend to another common
affliction of the diabetic population — diabetic retinopathy (manuscript submitted).
Here, key pathological features of diabetic retinopathy, such as edematous plexiform
layers and shrinkage of various cellular layers, were evident in the same DMHC
porcine model. Miiller cell activation also alluded towards the pathological state and
incurred cellular damage. @~ We have shown increased blood-retinal barrier
permeability, as visualized by IgG binding to ganglion cells of the retina, which
closely resembled the situation where pyramidal cells in the cerebral cortex displayed
IgG-positivity within or near regions of BBB breach. As in the cerebral cortex,
pathological changes observed in the retinal layers of DMHC pigs were curtailed by
darapladib to near control levels in the cohort of DMHC pigs. This finding further
lends credence to the concept that chronic inflammatory changes in the walls of blood
vessels within the brain can trigger BBB breakdown, initiating a cascade of
pathological events that culminates in AD and perhaps other neurodegenerative

diseases. It also suggests that darapladib and other agents that can block vascular
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inflammation should be investigated and evaluated for their capacity to assuage the

rampant neurodegeneration accompanying these diseases.

Darapladib has utility to restore BBB functionality in the DMHC pig model.

Lipoprotein-associated phospholipase-A, (Lp-PLA;), also known as platelet-
activating factor acetylhydrolase or type VIIA PLA2, is a calcium-independent
phospholipase A, Lp-PLA, mediates the production of bioactive inflammatory
mediators lysophosphatidyl choline and oxidized nonesterified fatty acids, two key
players in the pathoetiology of atherosclerotic plaques and foam cell migration and
accumulation. In humans, Lp-PLA; is secreted by leukocytes and is associated with
circulating LDL and macrophages in atherosclerotic plaques, with plausible roles in
the pro-thrombotic state seen when over-activated (Acharya NK 2013). There
already exist many studies suggesting a causative role for Lp-PLA, in the
development of atherosclerosis, and that inhibition of Lp-PLA, could decrease the
hallmarks of acute plaque instability. Two such agents are being explored in clinical
trials, rilapladib and dirapladib, for these purposes. Both drugs have similar

efficacies and pharmacodynamics profiles, and are well tolerated.

In a previous study, we built a porcine model comorbid with DM and HC to elucidate
the role of Lp-PLA2 in BBB instability, and subsequent intracellular AB4, deposition.
Pigs qualify as a good candidate model system for several reasons with our purposes
in mind. Firstly, they have a plasma lipoprotein profile that is similar to that in

humans. Furthermore, diabetic pigs develop ketotic states and gain weight to a lesser
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degree that do non-diabetic ones. Taken together, this animal model shows advanced,

human-like cardiovascular situations better than others available.

The BRB can act as a surrogate system to study concomitant BBB damage.

The BRB is of different ontogenetic origins than the BBB, however the functions of
both are largely analogous. For example, the endothelial cell monolayer hallmarking
the BBB is of mesenchymal origin, where angioblasts migrate to the neural
parenchyma and form the eventual blood-tissue barrier under the influence and
maintenance of astrocytic differentiation factors (Cunha-Vaz 1979). The retinal
pigment epithelium (RPE) is derived, in contrast to the BBB, from the embryonic
neuroectoderm and forms an outer monolayer in the ocular system during
neuroembryonic development to partition body fluids from the immune-privileged
retina. Although morphologically and developmentally distinct, the strikingly similar
permeability properties of each blood-tissue barrier system lend credence to a
comparative study aimed at surveying responses of each system to disease and then

treatment (Cunha-Vaz et al. 1979).

A porcine model system was used in our study for a multitude of reasons, but perhaps
most pervasive is the fact that mammals (humans) and pigs possess similarly arranged
vasculature with barrier functions (specifically the inner BRB, iBRB). Meanwhile,
neural retina structures of other species like equine and rabbits are largely devoid of

such vascular beds (Frohlich 2002, Frydkjaer-Olsen et al. 2016). This discrepancy
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holds true only for the iBRB, while the outer BRB (0BRB) is formed by the RPE,
compartmentalizing the neural retina (in the neural tunic) from the fenestrated
vascular system of the overlying choroid (vascular tunic). In essence, the iBRB is
most identical to the endothelial BBB, whereas epithelial cells, not endothelial cells,
establish the o BRB. These RPE cells in the eye are not influenced by astrocytes,
again differentiating them from the contrasting BBB endothelial cells (Cunha-Vaz,

Bernardes, and Lobo 2011).

When assessing carrier properties of the BBB and BRB, similarities of drug
permeation and transport systems do exist. The epithelial o0BRB parallels the drug
permeation and transport systems in the BBB, expressing the same efflux pumps, like
GLUT-1 and transcytosis proteins, even though the cell types vary greatly (Strauss
2016). When considering the similarities on a cellular and molecular level, the two
systems overlap widely and demonstrate many shared aspects, such as specific tight
junctional proteins, like occludins and claudins. These proteins make up the actual
barrier structures, endothelial vascular beds, and are key players contributing to the
immunologically privileged statuses. Again, although many differences are present
between the BBB and BRB, similarities are well documented and established, and
allow for interesting comparative studies aimed at assessing possible structural and

clinically relevant surrogacies.

Clinical analysis remains for the most part elusive when it comes to the BBB,

however ophthalmological tools, like fluorescein angiography, enable insight into

58



current states and functionality of the BRB. The implications of such a correlative
discovery open the doors for BRB analysis to act in surrogacy for BBB pathology,
which is vastly accepted as an underlying, and even necessary, component to many

neurodegenerative diseases.

Vascular diseases, diabetic retinopathy, and the BRB

DM is an overwhelmingly prevalent disorder in the American population with strong
correlations to obesity, chronic inflammation, and subsequent vascular demise.
Previous studies have pointed to the role VEGF may play in permeabilizing the BRB,
as higher levels of this protein are found in the vitreous fluid of patients with DR.
Many of these findings further posit that VEGF induces such a state by a number of
distinct mechanisms that are not mutually exclusive. Other studies have implicated
proteins and hormones like growth hormone, insulin-like growth factor-1 (IGF-1),
PKC, TGF-p, and pigment epithelium derived factor in the progression of DR from a

standpoint of structural BRB changes.

The BRB is an essential component to maintain health of the retina, and loss of its
integrity precedes neoangiogenesis in the implicated area. BRB breakdown, a
hallmark of DR, is the number one cause of blindness in working-age Americans,
with 20.1% of type I and 25.4% of type II diabetic patients presenting with macular
edema (Muthusamy et al. 2014, Phillips et al. 2008, Runkle and Antonetti 2011).
VEGF expression and its receptors are upregulated by six months of experimentally

induced DM in the animal model. Presence of these proteins confers a strong
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permeabilizing agent that increases prior to neovascularization. IGF-1 and its
respective binding proteins are observed later in the disease process (Antonetti and
Wolpert 2003). This aberrant endocrine process culminating in increased IGF-1
secretion prompted pituitary ablation procedures to decrease overall IGF-1 production
successfully. FGF was noted to affect vascular permeability and neovascularization
by increasing VEGF production in endothelial cells of the BRB. PDGF and its
receptors are observed in the RPE in membranes to promote remodeling of the

vascular network housed in the BRB.

Diabetes-induced BRB breakdown was noted to correlate with increased ROS
formation alongside VEGF and uPAR. Similarly, treatment with a NOS inhibitor and
peroxynitrite scavenger to reduce ROS formation inhibited the increased VEGF
expression and uPAR, thereby preventing BRB breakdown. This study points to
oxidative stress playing an integral role in the beginning stages of BRB breakdown

from diabetic processes (EI-Remessy et al. 2013).

AD-related changes to vision and the eye are well known and documented. However,
previous reports fail to implicate the BRB as an underlying and necessary component
to the pathoetiology of such conditions. Much effort is being devoted now to
understanding the role the BBB plays in AD, and many neurodegenerative diseases of
the like. Perhaps more focus should be on the vasculature, as this study alludes to, as
being a fundamental early (perhaps the earliest) sign of imminent pathology like DR

and AD.
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The significance of DM, HC, and aging to vascular diseases is their relevance to
actual vascular compromise that undoubtedly accompanies them (Figure 2). It is well
documented that the chronic inflammatory states left by DM and HC have on the
vasculature is disastrous, but never has it been taken to include the BRB similarly to
as it does with the BBB. Clinical examinations using ophthalmoscopes and routine
tools found in the ophthalmologist office are capable of surveying the BRB for signs
of DR, however other techniques can be employed to take a more accurate view into
the functional workings of the BRB itself. Vitreous fluid can be subject of
investigation in the clinical setting when vitrectomy is used to treat various disease
states and can be sampled for presence of circulating systemic growth factors.
Albumin, a blood protein made exclusively in the liver, has been found elevated
about twofold in DR patients, clearly underlying the breakdown of the BRB.
Vitreous fluorometry and fluorescein angiography allows for retinal leakage mapping

assessing structural capacities of the BRB.

In this study, we have shown that such contexts can be extrapolated to the BBB, as
shown in the same pigs used in the 2013 paper where the BBB and subsequent
cortical pyramidal neurons were studied. With this concept we are able to use the
BRB in the clinical setting, as a surrogate for BBB analysis, which remains inevitably
and outstandingly elusive for practical purposes to study. Furthermore, the non-
invasive and minimally invasive procedures used by the ophthalmologist allow for

routine screening to be employed at looking into the vascular integrity of the BRB,
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and staking claims with degrees of accuracy as to the functionality of the BBB, a
necessary and sufficient component to confer neurodegenerative disease states like

AD and dementias of the like.

Diagnostic implications of pre-symptomatic disease states are founded in the
vasculature.

Much investigatory effort and money is being devoted to pre-symptomatic
diagnostics when it comes to neurodegenerative diseases. Owing to the futility of
many pharmaceutical companies in treating full-blown AD, likely because at the time
symptoms present, much of the pathology is already rampant in the brain, it has come
to light that the onset of symptoms is preceded by pathology for many years.
Breakdown of the BRB can be visualized, and is able to demonstrate the earliest
observable changes accompanying DR. The extent to which the BRB is damaged
correlates strongly with eventual vision loss. There is a clear analogous relationship
between the BRB with DR and the BBB with AD. Housed within the ganglion cell
layer of the retina is the vasculature that provides metabolic support for the inner
layers of the retina that extends down to the outer plexiform layer. The outer retina,
mostly the photoreceptors, receives nutrients via diffusion from the vascularized
coroidocapillaries across the RPE; as mentioned previously, these retinal vessels in
conjunction with the RPE form the oBRB. This level of compartmentalization
around the neural retina forms an immunologically privileged tissue and provides a
degree of regulation about fluid and metabolite fluxes into the tightly controlled

microenvironment of the eye.
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Fluorescein angiography is one of the most frequent examinations performed by the
ophthalmologist. The BRB regulates the microenvironment of the retina and provides
transport function of ciliary epithelia in an effort to maintain the vitreous, retina, and
posterior segment of the eye some of the few ‘immunoprivileged sites’ in the body.
Methods of clinical evaluations are performed by vitreous fluorometry to generate a
retinal leakage map. This provides insight into the influx and efflux systems present
in the BRB by means of fluorescein presence following IV injection. The path the
fluorescein takes to enter the vitreous humor of the eye is either anteriorly from the
ciliary body and aqueous humor, or posteriorly through the retinal and choroidal
vessels traversing the BRB. In DR, the BRB is compromised in the posterior section
BRB, allowing access to the vitreous humor. Vitreous fluorometry is a sensitive and
quantitative method that depicts changes in the BRB and is used clinically to detect
disease presence, not necessarily specific disease identity. On the contrary, such a
technique would show promise in detecting treatment efficacy and effectiveness in

terms of BRB integrity re-establishment.

Clinical implications of such a finding would allow for non-invasive techniques, like
fluorescein angiography for instance, to observe the microvasculature in the ocular
system as a surrogate for simultaneously occurring pathology in the BBB. Taken
together, these connections shed light on a well-known association between AD-
induced changes in the ocular system and vision, perhaps elucidating a common

underlying etiology founded in the structural integrity of the vasculature.
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Furthermore, by expounding on the mechanistic connection between the BRB, DM,
and DR, we are able to more clearly understand an even deeper-seeded root between

neurodegenerative diseases like AD, dementia, and the BBB.
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Figure 2 — Diabetes induces blood-brain barrier breakdown, triggering
Alzheimer’s disease neurodegenerative changes.

Many complications of DM are related to a globally impaired vascular
integrity, spanning vessel hierarchy and structure from large to small, and
resulting in conditions like peripheral neuropathy, retinopathy, nephropathy,
and coronary artery disease. These vascular abnormalities extend throughout
the body, and include the supply to the cortical and deep brain structures.
Here, macrovascular lesions of the arterial blood supply result in stroke and
VaD. On the other hand, chronic leakage of plasma components from the
microvasculature occurs at the level of arterioles and capillaries as a result of
BBB breakdown and contributes to the pathogenesis and development of AD.
Following BBB breakdown, various plasma components, including Ig species
(IgG) and amyloid peptides (AP42), leak out and bind to pyramidal neurons in
regions of vascular compromise. Chronic BBB leakage drives binding of Ig
and AP to neuronal surfaces, followed by their internalization and
accumulation, leading to neuronal damage, synaptic loss, cell death, and the
appearance of plaques and tangles as pathological hallmarks commonly
observed at autopsy. DM = diabetes mellitus; AD = Alzheimer’s disease;
BBB = blood-brain barrier; Ig = immunoglobulin; AB4, = amyloid-p;_4,; VaD

= Vascular dementia.
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RATIONALE

Given the contentious nature of an underlying mechanism for the pathoetiology of
Alzheimer’s disease (AD), it is of utmost importance to understand how the proposed
hallmarks that define the disease develop and progress. Past evidence has directed
the mechanism to contain an involvement of autoantibody (aAb)-mediated
endocytosis of the alpha 7 nicotinic acetylcholine receptor (a7nAChR)-AB4, complex,
and my efforts will be focused on elucidating the pathway by which A4, may enter
the cholinergic neurons specifically expressing the a7nAChR (Nagele et al. 2002,

D'Andrea 2001, Nagele et al. 2011, Wang et al. 2012, Wang et al. 2000).

The elderly population is at risk for many conditions, including not only AD, but
others like atherosclerosis, coronary artery disease, and post-operative delirium
(POD) (Vasilevskis et al. 2012, Xie et al. 2014). Much dispute exists in current
literature as to a mechanism that causes POD, however the onset of the delirious
episode is routinely found secondary to a systemic disturbance or an inciting event or
cause, such as exposure to toxins, drugs, or general anesthesia. With much overlap to
symptoms of AD during the delirious episode, the condition is further characterized
by a neurobehavioral syndrome that may or may not resolve, with restlessness and
irritability, delusional thoughts, and limited mental capacities or cognition
(Association 2013). In the young pediatric or elderly population, the episode of
delirlum can be especially long lasting, even irreversible, in these vulnerable

populations (Deiner and Silverstein 2009, Maldonado 2013). Taking into account
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similar symptomatic manifestations of AD, along with histopathological sections of
human AD brains that consistently show blood-brain barrier (BBB) breaches, we
chose to assess the phenomenon of POD from a vascular standpoint. The objective of
this portion of my dissertation will be to focus on the mechanism of such delirious
episodes, in hopes of gaining a clearer understanding that will shed light on the

undefined mechanism of POD.

As previously mentioned, the BBB plays an integral part in maintaining homeostasis
of the brain. The effects of diabetes mellitus (DM) and hypercholesterolemia (HC)
on the vasculature and propagation of amyloid-based neurodegenerative diseases has
been recently published (Acharya et al. 2013). The BBB was shown to be of utmost
importance in the disease manifestation, and subsequent influx of aAb into the brain
and APs; into the neurons was measured to gauge the extent of neurodegenerative
progression. Pigs induced to have DM and HC were used as a model system to study
the pharmacological effect that a certain drug could have on BBB modification in
these chronic disease states. A treatment group with darapladib, a lipoprotein-
associated phospholipase A; inhibitor, was used in the pig model to illustrate the
effects of chronic DM and HC on increased BBB permeability leading to neuronal
pathology. A natural follow-up study that presented was to gauge a functionally and
structurally analogous vascular bed housed in the ocular system known as the blood-
retina barrier (BRB) (Cunha-Vaz 1979, Cunha-Vaz, Bernardes, and Lobo 2011,
Cunha-Vaz et al. 1979). The BRB is making its way into the realm of diagnostics for

neurodegenerative disorders, as it shares many features with the brain, but can be
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assayed very readily for disease-associated changes. More specifically, efforts to
better categorize the BRB, especially as it relates to BBB dysfunction, in the chronic

disease state will be the emphasis of this project.
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Chapter 111

Sevoflurane and isoflurane induce structural changes in brain vascular

endothelial cells and increase blood-brain barrier permeability: Possible link to

postoperative delirium and cognitive decline
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ABSTRACT

A large percentage of patients subjected to general anesthesia at 65 years and older
exhibit postoperative delirium (POD). Here, we test the hypothesis that inhaled
anesthetics (IAs), such as Sevoflurane and Isoflurane, act directly on brain vascular
endothelial cells (BVECs) to increase blood-brain barrier (BBB) permeability,
thereby contributing to POD. Rats of young (3-5 months), middle (10-12 months)
and old (17-19 months) ages were anesthetized with Sevoflurane or Isoflurane for 3
hours. After exposure, some were euthanized immediately; others were allowed to
recover for 24 hours before sacrifice. Immunohistochemistry was employed to
monitor the extent of BBB breach, and scanning electron microscopy (SEM) was
used to examine changes in the luminal surfaces of BVECs. Quantitative
immunohistochemistry revealed increased BBB permeability in older animals treated
with Sevoflurane, but not Isoflurane. Extravasated immunoglobulin G showed
selective affinity for pyramidal neurons. SEM demonstrated marked flattening of the
luminal surfaces of BVECs in anesthetic-treated rats. Results suggest an aging-linked
BBB compromise resulting from exposure to Sevoflurane. Changes in the luminal
surface topology of BVECs indicate a direct effect on the plasma membrane, which
may weaken or disrupt their BBB-associated tight junctions. Disruption of brain
homeostasis due to plasma influx into the brain parenchyma and binding of plasma
components (e.g., immunoglobulins) to neurons may contribute to POD. We propose

that, in the elderly, exposure to some [As can cause BBB compromise that disrupts
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brain homeostasis, perturbs neuronal function and thereby contributes to POD. If

unresolved, this may progress to postoperative cognitive decline and later dementia.
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INTRODUCTION

Nearly 60,000 patients undergo general anesthesia every day with the hope of
alleviating chronic diseases and improving their quality of life (Brown et al., 2010;
Nadelson et al., 2014). Unfortunately, after exposure to anesthetics, a large
percentage of elderly patients at age 65 and older exhibit postoperative delirium
(POD), and many subsequently develop postoperative cognitive decline (POCD),
which may be linked to later dementia (Ansaloni et al., 2010; Inouye et al., 2014;
Neufeld et al., 2013; Rudolph and Marcantonio, 2011). In the US, the number of
affected individuals continues to rise because the elderly are the fastest growing
segment of our population (Howden and Meyer, 2011; Brown and Purdon, 2013;
Leslie et al., 2008; Neufeld and Thomas, 2013). POD is characterized by an acute,
fluctuating onset of attention disturbance and cognitive change in patients who may
otherwise lack a history of neurocognitive manifestations (Bedford, 1955; Burns et
al., 2004; Strom et al., 2014). As multifactorial disorders, POD and POCD have been
associated with a variety of somatic factors as well as medication intoxication or
withdrawal (Strom et al., 2014; van Munster and de Rooij, 2014). Advanced age and
exposure to inhaled anesthetics have been widely implicated as risk factors (Bedford,

1955; Brown and Purdon, 2013; Neufeld and Thomas, 2013; Strom et al., 2014).

Although the underlying mechanisms of POD and POCD are unknown (Maldonado,
2013), emerging evidence suggests a common mechanistic link. Aging is a known

predisposing factor in a number of vascular pathologies, including chronic vascular
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inflammation, atherosclerosis, amyloid angiopathy, hyalinosis and hypertension
(Clifford et al., 2008; Kalaria, 2010; Rouhl et al., 2012; Vasilevko et al., 2010). The
blood vessels in the brain are not spared from these anomalies. Brain vascular
endothelial cells (BVECs) line the luminal surfaces of these vessels and contribute
both structurally and functionally to the blood-brain barrier (BBB). These cells are
held together at their margins by extensive tight junctions associated with prominent
tight junctional folds or ridges. The BBB is thought to be further supported by the
basement membrane of BVECs, pericytes, and the end-feet of astrocytes (Abbott et
al., 2010; Zlokovic, 2008). It regulates the movement of various biomolecules into
and out of the brain, which is crucial for establishing and maintaining brain
homeostasis and enabling the normal functioning of the neurons and glia within their
microenvironment in the brain. Factors or conditions that disrupt BBB function can
trigger a transient or chronic leakage of plasma components into the brain tissue,
thereby disrupting brain homeostasis and triggering disease states (Abbott et al.,
2010; Zlokovic, 2008). Several neurodegenerative diseases, most notably
Alzheimer’s disease (AD), exhibit BBB breakdown as a consistent pathological
feature that likely contributes to both disease initiation and progression (Nagele et al.,

2011).

In the present study, we tested the hypothesis that exposure to commonly used
inhalation anesthetics disrupts BBB integrity, causing an influx of plasma
components into the brain that locally disrupts brain homeostasis. To investigate this,

young (3-5 months), middle-aged (10-12 months) and old (17-19 months) rats were
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subjected to either Sevoflurane or Isoflurane anesthesia for 3 hours and then were
sacrificed immediately or first allowed to recover for 24 hours. Using
immunohistochemistry (IHC) and immunoglobulin G (IgG) as a tissue biomarker of
BBB leak, we compared the functional integrity of BBB between control animals and
those exposed to anesthesia with or without 24 hour of recovery. Results showed an
increased BBB permeability and influx of plasma components into the brain tissue in
Sevoflurane-treated animals, but not in those exposed to Isoflurane, compared to
controls. Extravasated IgG showed selective affinity for the surfaces of pyramidal
neurons. Scanning electron microscopy revealed an increased incidence of BVEC
degeneration and death within the walls of brain blood vessels along with a marked
flattening of their luminal surfaces and stretching of tight junctional ridges at their
margins. The BBB of older and anesthetic-treated older rats appeared to be most
sensitive to disruption, and Sevoflurane was more effective than Isoflurane in
promoting BBB compromise and luminal surface changes in BVECs. These data link
aging-associated decline in BBB functional integrity to the increased vulnerability of
brain blood vessels in older animals to the effects of anesthesia. Extrapolation of this
data to humans leads us to suggest that, particularly in the elderly, exposure to certain
types of anesthetics causes a rapid, transient breakdown of the BBB, which results in
a critical loss of brain homeostasis and disruption of neuronal function that could, at
least in part, account for the expression of symptoms that characterize delirium.
Furthermore, if BBB function is not completely restored in elderly patients suffering
from POD, we suggest that they are at increased risk for subsequently developing

POCD and perhaps even dementia.
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EXPERIMENTAL PROCEDURE

Rodents
Wild-type Sprague Dawley rats (Harlan Laboratories, Inc.) were maintained on ad
libitum food and water in an AAALAC-accredited vivarium with a 12-hour light/dark

cycle. Animal use was approved by the RowanSOM TACUC.

Animal treatment

Young (3-5 months), middle-aged (10-12 months) and older (17-19 months) rats were
subjected to Sevoflurane (1-3%) or Isoflurane (1-3%) for 3 hours. Anesthesia was
first induced by exposing rats in an induction chamber to about 3% Sevoflurane or
Isoflurane. Once surgical plane anesthesia was attained, they were removed from the
induction chamber and put on a heat pad (T/Pump by Stryker, Kalamazoo, MI).
Surgical plane anesthesia was maintained by supplying the anesthetics via nose cones.
The concentration of the anesthetics was gradually lowered but the animal was not
allowed to either progress to deeper sleep or to regress to wakeful states. The state of
anesthesia was constantly monitored by testing for the pedal withdrawal reflex (toe
pinch) and by pinching the tail. In addition, animal vital signs such as rate and depth
of respiration were monitored and maintained (at 32 + 3 respirations per minute) by
regulating the mixture of anesthetic and oxygen. Body temperature was maintained
by a heated pad and by covering the body. A calibrated Midmark Matrx VMR® table
top anesthesia machine with a VIP 3000 well-fill style vaporizer was used to supply

Sevoflurane (Sevothesia™; Butler Schein™ Dublin, OH; NDC: 11695-0501-2) and
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Isoflurane (Isothesia'™; Butler Schein™ Dublin, OH; NDC 11695-6776-2) with
oxygen as the carrier gas. Separate vaporizers for Sevoflurane and Isoflurane were
acquired and used as each rodent received only one type of anesthetic. The
concentration of anesthetic required for maintaining surgical plane anesthesia varied
between the age groups and individuals. Non-recovery rats were euthanized at the
end of third hour by exsanguination - the animal was perfused with phosphate-
buffered saline (PBS) followed by freshly prepared 4% paraformaldehyde in PBS.
Recovery rats were first allowed to recover for 24 hours after the 3-hour exposure to
anesthetic and were euthanized by CO, asphyxiation. The control group included rats
of all three age groups that were not exposed to either anesthetic and were euthanized
by CO, asphyxiation. To achieve the best preservation of the brain tissue, all animals
were fixed by perfusion using freshly prepared 4% paraformaldehyde in PBS. Brains
were quickly removed and, using a brain block, coronal sections were cut
anteroposteriorly for bright-field microscopy, IHC, and scanning electron
microscopy. Left hemispheres were sliced into 4mm thick sections for IHC; right
hemispheres were sliced into 2 mm thick sections for scanning electron microscopy.
From the left hemispheres a total of four tissue blocks were generated - anterior,
middle, posterior and cerebellar. Anterior, middle and posterior tissue blocks

comprising different regions of cerebral cortex were the primarily focus of this study.

Tissue preparation, immunohistochemistry and scanning electron microscopy
Brain tissues for IHC were fixed in 4% paraformaldehyde and prepared for routine

embedding in paraffin and sectioning as described previously (Nagele et al., 2011).
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Sections representing each brain region (anterior, middle and posterior) were
randomly selected for detection of extravasated IgG using IHC. IHC was performed
using the protocol and reagents described previously (Nagele et al., 2011). To detect
IgG, biotinylated anti-rat IgG (Vector Laboratories, BA-9400, 1:20 in Dako antibody
diluent) was used as the primary antibody (Acharya et al., 2013; Nagele et al., 2011).
Cortical regions from each section were photographed using a Nikon FXA
microscope, and images were analyzed using NIS-Elements Imaging Software (Nikon
Instruments Inc. USA). For scanning electron microscopy, brain tissue was fixed in
4% paraformaldehyde, rinsed in PBS, and post-fixed with 1% osmium tetroxide.
After washing in buffer, tissues were first dehydrated in ethanol followed by amyl
acetate. Samples were then dried using carbon dioxide in an E3100 critical point
dryer (Quorum Technologies, USA) and rendered conductive by coating with a thin
(~40A) layer of gold using an EMS 150R S sputter coater (Quorum Technologies,
USA). Tissues were examined using JEOL NeoScope JCM-5000 scanning electron

microscope.

Determination of the density of leaking cortical blood vessels

The effects of age and inhalation anesthetics on the functional integrity of the BBB
were assessed by counting blood vessels (arteries, veins and capillaries) with
associated perivascular IgG-positive leak clouds and measuring the extent of the leak
in the cerebral cortex (Figs. 1-2). Extravasation of IgG has been widely used as a
biomarker of BBB breach (Acharya et al., 2013; Jin et al., 2010; Kuang et al., 2004;

Nagele et al., 2011). For each image, the area of the cerebral cortex and the number
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of cortical blood vessels exhibiting perivascular leak clouds were quantified. For
each animal, the total number of leaking blood vessels per unit area of cortex was
determined. Data from individual animals of the same age and treatment groups were
averaged and used for comparisons. Only perivascular leak clouds displaying the

source blood vessel were included in the analysis.

Determination of the extent of BBB breach in cortical blood vessels

A relative scoring system based on the area of IgG extravasation was used to quantify
the extent of BBB breach (Fig. 2) (Acharya et al., 2013). Normally, IgG in the
cerebral cortex is contained within local blood vessels (Fig. 1A-B and 2A). Under
conditions of BBB breakdown, IgG is able to extravasate and form perivascular leak
clouds, which take on a brown color in IHC preparations. The interaction of IgG with
cognate epitopes present on the exposed surfaces of brain tissue components also
causes immunostaining of pyramidal neurons, axons, dendrites and synapses within
tissue sections (Figs. 2C-F). The area and intensity of each perivascular leak cloud
were considered to be directly proportional to the extent of BBB breach (Fig. 2).

Investigators were blinded as to the identity of the specimens during image analysis.

Statistics
Using Student’s ¢ test, statistical significance was calculated and a p < 0.05 was
considered statistically significant. Variation within each treatment group was

represented by standard error.
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RESULTS

Inhalation anesthetics increase BBB permeability in the rat

To assess the effects of anesthetics on the functional integrity of the BBB, IHC was
used to detect the leak of plasma components from blood vessels into the cerebral
cortex of anesthetic-treated and control rats (Fig. 1). IgG, which is normally absent in
the brain interstitial space, was used as a biomarker of plasma leak and therefore BBB
compromise. Results revealed the leakage of plasma components from cortical blood
vessels (mostly small arterioles) in both Sevoflurane- and Isoflurane-treated animals,
with extravasated IgG highlighting the presence of perivascular leak clouds (Figs. 1C,
1E-H). Perivascular leak clouds were clearly more prominent in the cerebral cortex
of older rodents (Figs. 1G-H) than in young- and middle-aged animals (Figs. 1A-F),
suggesting that the BBB of older animals is more sensitive to the disruptive effects of
anesthetics.  In addition, perivascular leak clouds in the cerebral cortex of
Sevoflurane-treated rats (Figs. 1E, G-H) were more extensive than those in
Isoflurane-treated rats (Figs. 1C, F). These findings imply that Sevoflurane is more
disruptive than Isoflurane to BBB functional integrity. Immunohistochemical
controls were used to confirm the specificity of the anti-IgG antibody staining

reaction (Fig 11).

Synergistic effect of anesthetic exposure and aging on increasing BBB permeability
We next sought to quantify the separate effects of Sevoflurane and Isoflurane on the

density of vessels exhibiting BBB compromise in the cerebral cortex and the extent of

98



the plasma leak emanating from these vessels. To accomplish this, we first
established a scoring system that could be used to measure the relative extent of BBB
leak from cortical blood vessels based on specific features of perivascular leak clouds
as shown in figure 2. Using this system, a score of 0 corresponds to no detectable
leak (Fig. 2A), whereas scores of 1-3 reflect a progressive increase in the size (and
thus extent) of the perivascular leak cloud (Figs. 2B-F). A maximum score of three
reflects the largest IgG-positive perivascular leak clouds, with IgG-labeled neurons
either within it or in its immediate vicinity (Figs. 2E-F). Selective binding of IgG to
neurons was consistently observed in the brains of both control animals and those
subjected to Sevoflurane or Isoflurane anesthesia. Interestingly, non-neuronal cells
were IgG-negative, suggesting that brain-reactive autoantibodies in the blood
primarily target the pyramidal neurons that are dominant in the cerebral cortex (Figs.
2E-F). Quantification revealed an age-dependent increase in BBB permeability in
control animals that were not exposed to anesthetics, as evidenced by increases in
both the density of cerebrocortical blood vessels exhibiting BBB leaks and the extent
or amount of material leaking from these vessels (Figs. 3A-B). Likewise, the older
group of animals subjected to Sevoflurane anesthesia showed a dramatic and
significant increase in the density and extent of vascular leak compared to controls
(Figs. 3A-B). By contrast, older animals exposed to Isoflurane for 3 hour failed to
show any significant age-related differences in either the density or extent of vascular
leaks. Taken together, these data indicate that, in rodents, Sevoflurane is much more
effective than Isoflurane in enhancing BBB permeability (Figs. 3A-B). In addition,

similar measurements carried out on animals following 24 hour of recovery from
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anesthesia revealed that this interval was insufficient for full functional recovery of
BBB integrity in older rats, as the measurements of the density and extent of vascular

leaks were still comparable among recovery and non-recovery rats (Figs. 3A-B).

Sevoflurane and Isoflurane induce dramatic structural changes in the luminal
surfaces of BVECs that may be linked to BBB compromise

The quantitative IHC data described above shows that BBB breakdown and the leak
of plasma components into the brain tissue are already well underway at the
conclusion of the 3-hour treatment period. This suggests that the response of the
BBB to exposure to inhalation anesthetics is rapid. To investigate the origin and
nature of this rapid response, we next sought to determine if Sevoflurane and
Isoflurane exert a direct effect on the BVECs that are essential for the structural and
functional integrity of the BBB. To address this, we examined the effects of these
anesthetics on the luminal surface morphology of rat BVECs in vivo using scanning
electron microscopy. Isolated rat brains were sliced to permit direct access to the
interior of the brain blood vessels as well as to visualize the luminal surfaces of
BVECs. Figure 4A shows a SEM image of a transverse section through a
leptomeningeal artery of a control animal, which was tilted to provide a view of the
BVECs that form the inner lining of the vessel. Closer examination of the luminal
surfaces of BVECs revealed long rows of discrete cytoplasmic ridge-like protrusions
or tight junctional folds at the margins of individual BVECs that delineate the
location of BBB-associated tight junctions (Fig. 4B). These are best seen when

viewed from directly overhead (Fig. 4C). In arterioles, these tight junctional folds
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most likely provide the extra membrane necessary for expansion or stretching of
BVECs without compromising the structural integrity of tight junctions during
systolic dilation (Fig. 4C). In larger arterioles, BVECs are highly elongated and the
BBB-associated cytoplasmic protrusions are oriented parallel to the long axis of the
vessel, presumably to minimize turbulence during rapid blood flow (Fig. 4C). Also,
the intervening luminal surface of BVECs displays numerous small microvilli (Fig.
4C).

Exposure of animals to 3 hours of Sevoflurane or Isoflurane caused a dramatic
and generalized overall flattening of the luminal surfaces of BVECs in rats of all age
groups (Figs. 4D and 5). Tight junctional folds at the margins of most BVECs were
collapsed and flattened. This was often accompanied by a loss of the numerous small
microvilli seen on BVECs of controls (e.g., compare Fig. 4C with D and 5E with F).
We also observed numerous holes at the margins of BVECs that appeared to be true
holes in the BVEC layer (e.g., Fig. 4D). However, whether or not these structures
correspond to real gaps in the BBB and underlying basal lamina and thus focal sites

of BBB leak is unknown.

Exposure to Sevoflurane and Isoflurane can be toxic to BVECs

Analysis of the luminal surface morphology of BVECs also revealed some variations
in the individual responses of BVECs to Sevoflurane and Isoflurane. Interestingly,
the most severely affected BVECs were most frequently found in regions where
blood vessels exhibited a sharp directional deviations or branching. Severely affected

BVECs in these regions exhibited luminal surface membranes that were often
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“pockmarked” with small holes, some of which were also located at cell margins in
regions of BBB-associated tight junction folds (Fig. 6A). These were not specimen
preparation artifacts since numerous adjacent BVECs in these same preparations
often completely lacked these structural anomalies.

We also found that exposure to either Sevoflurane or Isoflurane led to the
death of some BVECs (Fig. 6), although the underlying reason for the differential
sensitivity of BVECs to the anesthetics used here remains to be established. For
example, figure 6A shows two dying cells exhibiting unusually smooth luminal
surface membranes, one with small holes scattered over the surface and the other with
these holes restricted to the cell margin in the region of tight junctional folds. The
next stage in the death of BVECs is the stripping of the entire luminal surface
membrane from the cell, thereby exposing an easily identified cell nucleus apparently
still held in place by residual cytoplasmic components (Figs. 6B-C). Eventually, the
nucleus and much of the residual cytoplasm are stripped off, presumably by the
shearing action of continued blood flow (Fig. 6D). It is reasonable to predict that the
death of BVECs creates gaps in the integrity of the BVEC layer and thus the BBB.
However, whether sites of BVEC death actually correspond to focal regions of BBB
leak in brain blood vessels remains to be demonstrated, and the relative contribution

of BVEC loss to the extent of BBB leak still needs to be defined.

Vascular integrity and surface morphology of BVECs failed to recover within 24

hour of anesthetic treatment
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We next asked if the effects of these anesthetics on the BBB integrity and the surface
morphology of BVECs are reversed within 24 hours. This was tested by allowing
animals to recover for 24 hours after the conclusion of the 3-hour exposure to
Sevoflurane or Isoflurane. Quantitative IHC failed to show any significant reduction
in the density of leaking vessels or in the extent of their leakage after a 24-hour
recovery period, most notably in the Sevoflurane-treated animals (Fig. 3). This was
corroborated by examination of the luminal surface topographies of BVECs using
SEM. BVECs in young- and middle-aged animals appeared to be more comparable
to controls after 24 hours of recovery than those in older animals (data not shown).
We also monitored the emergence from anesthesia and orientation of the recovery
rats. Interestingly, the emergence of rodents from anesthesia during the post-
anesthesia period was clearly faster in Sevoflurane-treated animals compared to

Isoflurane, with rats exposed to Isoflurane being more lethargic and subdued.
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FIGURES

Fig 1: Effects of Sevoflurane and Isoflurane on BBB
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Figure 1: Age-dependent effects of Sevoflurane and Isoflurane on BBB
permeability.

Histological sections of the cerebral cortex of young (A-C), middle-aged (D-
F) and older (G-I) rats subjected to Sevoflurane or Isoflurane anesthesia for 3
hours were immunostained to reveal BBB leak from blood vessels and the
influx of IgG into the brain tissue. The most prominent leaks were observed
in the cerebral cortex of older rats exposed to Sevoflurane (G-H). (I) An IHC
control section treated with blocking sera only to confirm the specificity of the
anti-IgG antibody used to detect interstitial, extravasated IgG. PN - pyramidal

neuron; BV - blood vessel. Scale bar = 100um.

105



Fig 2: Scoring system to determine extent of
anesthetic-induced BBB leak
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Figure 2: Scoring system to quantify the extent of anesthetic-induced
BBB leak.

The extent of BBB leak from each blood vessel was assigned a score ranging
from 0-3 based on the appearance of perivascular leak clouds. (A) A score of
0 corresponds to no detectable leak. (B-F) Scores ranging from 1-3 reflect a
progressive increase in the size of leak clouds, which is also taken to reflect
the extent of the leak. (E-F) A score of three indicates a large IgG-positive
perivascular leak cloud that also contains IgG-positive neurons within or near
the leak cloud. (D and F) Enlarged regions of C and E, respectively. PN -

pyramidal neurons; BV - blood vessels. Scale bar = 100um.
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Fig 3. Effects of Sevoflurane and Isoflurane on the

density and extent of BBB leaksl
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Figure 3: Quantification of the effects of Sevoflurane and Isoflurane
exposure and age on the density and extent of BBB leaks.

(A) The density of blood vessels with demonstrable BBB leaks was
determined by counting the total number of leaking blood vessels per unit area
of cerebral cortex. (B) The extent of BBB leak was quantified using the
scoring system described and illustrated in Fig. 2. Control animals showed a
gradual, age-dependent increase in BBB permeability, as evidenced by
increases in both the density of blood vessels in the cerebral cortex with
detectable BBB leaks and the extent of leak from these vessels. Older animals
subjected to Sevoflurane showed more dramatic increases in the density and
extent of blood vessel leaks compared to controls and Isoflurane. A period of
24 hours was insufficient for recovery of BBB functional integrity from either
Sevoflurane or Isoflurane. Y - young; M - middle; O - old; S - Sevoflurane; I

— Isoflurane; p (*) < 0.05. n = sample size at bottom of bar.
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Fig 4: Sevoflurane causes dramatic flattening of the luminal
surfaces of BVECs revealed by SEM
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Figure 4: Sevoflurane causes dramatic flattening of the luminal surfaces
of BVECs.

(A) Scanning electron microscopic image of a transverse section through a rat
leptomeningeal artery of a control rat. (B) Enlarged portion of (A) showing
the luminal surfaces of BVECs and long rows of discrete cytoplasmic
protrusions that delineate the location of BBB-associated tight junctional folds
at the cell margins of BVECs. (C) Higher magnification showing extensive,
ridge-like protrusions of cytoplasm overlying BBB-associated tight junctional
folds and oriented parallel to the long axis of the vessel. Between these
junctional folds, the luminal surface displays numerous small microvilli. (D)
Exposure of animals to Sevoflurane for 3 hours caused a dramatic overall
flattening of the luminal surfaces of BVECs, including the marginal tight
junctional folds associated with BBB tight junctions and a loss of small
microvilli. Holes were often observed at cell margins between adjacent
BVECs. BVEC - brain vascular endothelial cell; BBB TJ - blood-brain

barrier tight junctions.
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Fig 5: Sevoflurane and Isoflurane cause comparable flattening of the
luminal surfaces of BVECs
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Figure 5: Sevoflurane and Isoflurane cause comparable flattening of the
luminal surfaces of BVECs.

SEM images showing the luminal surfaces of BVECs lining the walls of brain
blood vessels. Sevoflurane (A-C) caused changes in the luminal surface
topography of BVECs that ranged from a pronounced surface flattening (A) to
wrinkling (B). Scattered BVECs appeared to be dying as revealed by defects
in their surface membranes, which were tightly opposed to underlying nuclei.
Isoflurane (D-E) also caused comparable flattening of the luminal surface
membranes of BVECs, whereas the luminal surfaces of BVECs in controls
showed prominent marginal ridges/folds as well as small microvilli scattered
over the cell surface (F). BVECs - brain vascular endothelial cells; dBVECs -
dying or dead BVECs.
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Fig 6: Sevoflurane and Isoflurane can induce BVEC death
resulting in focal BBB breakdown
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Figure 6: Sevoflurane and Isoflurane can induce the death of BVECs,
resulting in focal BBB breakdown.

(A) The luminal surface membranes of some BVECs scattered throughout the
walls of blood vessels were often “pockmarked” with holes, especially at cell
margins in the vicinity of BBB-associated tight junctional folds. This appears
to be the first indication of impending cell death. (B) Next, the luminal
surface membrane is completely stripped from the BVEC, exposing a nucleus
presumably still held in place by residual cytoplasmic fibers. (C) BVECs at
branch points of blood vessels are apparently most vulnerable to the effects of
Sevoflurane and Isoflurane. (D) A large capillary showing the remnant of a
dead BVEC with the nucleus stripped off by the shear forces of normal blood
flow. dBVEC - dying or dead BVEC.
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Fig 7: Illustration
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Figure 7: Diagram showing a proposed mechanism of anesthetic-induced
BBB breakdown and its potential mechanistic relationship to POD,
postoperative cognitive decline and dementia.

Here, we propose that the combination of BBB breakdown, plasma entry into
the brain tissue, and the selective binding of brain-reactive IgGs to pyramidal
neurons act together to contribute to disruption of normal neuronal activity
and collectively elicit the symptoms that define POD. Further, we suggest
that failure to completely restore BBB function following surgery, which
appears to be most prevalent in the elderly, leads to POCD in the short-term
and, if unresolved in the long-term, can favor the development of dementia.

Thus, BBB breakdown may provide a common mechanistic link between

POD, POCD and dementia.
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DISCUSSION

The present study shows that some commonly used inhalation anesthetics, such as
Sevoflurane, rapidly cause increased BBB permeability in blood vessels in the rat
cerebral cortex as demonstrated by the influx of IgG into the brain parenchyma, most
notably in older animals. We also show a differential response of the BBB to specific
inhalation anesthetics; with Sevoflurane having a much greater effect on increasing
BBB permeability than Isoflurane. Given that the cerebral cortex is normally
immunoprivileged, the presence of IgG in the brain parenchyma was used as a
biomarker of BBB compromise. Small arteries and arterioles within the brain
exhibited a greater extent of leak than small veins, venules and capillaries, and were
often surrounded by perivascular clouds of leaked IgG-immunopositive material,
indicative of BBB breakdown. This apparent selectivity for arteries and arterioles is
expected, since both are under considerably more hydrostatic pressure than their

associated small veins, venules and capillaries.

Anesthetics compromise BBB function through their rapid and direct effects on
BVECs

The underlying mechanisms through which anesthetics can trigger BBB permeability
are unknown, but a temporal link to immediate and dramatic morphological changes
in the luminal surfaces of BVECs described here suggests that a direct effect of the
anesthetics on these cells may be involved. In support of this, we show using

scanning electron microscopy that exposure to Sevoflurane or Isoflurane induced an
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overall flattening of the luminal surfaces of BVECs. This was most conspicuous at
the boundaries between adjacent BVECs, with flattening and collapse of the tight
junctional folds found in this region. Although Sevoflurane and Isoflurane are known
to be potent vasodilators, whether or not this contributes to the observed flattening of

tight junctional folds between adjacent BVECs is unknown (lida et al., 1998).

The present study also shows that, in older animals, Sevoflurane was more effective
than Isoflurane in generating these effects based on structural changes in BVECs,
measurements of the relative density of leaking blood vessels and the overall extent
of vascular leakage in the brain parenchyma. In surgical settings, Sevoflurane is
usually selected over Isoflurane, since in humans the average time to emergence,
response to commands, orientation and hospital stay is shorter (Sahu et al., 2011;
Scholz et al., 1996). In our hands, Sevoflurane appears to behave similarly in rats;
Sevoflurane-treated animals were quicker to recover and orient themselves compared
Isoflurane-treated animals; the latter were more lethargic and subdued for a longer
time period following the conclusion of anesthesia. If these phenotypes do in fact
relate to the underlying BBB breaches following the inhaled anesthetic
administration, then the next step would be to determine if the recovery in behavior

correlates with recovery in BBB breakdown.

The age of the animal was found to be a key factor in determining the magnitude of
the response of the BBB to exposure to a particular anesthetic. For example, despite

the fact that Sevoflurane and Isoflurane exposure resulted in dramatic differences in
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the degree of BVEC luminal surface flattening among animals at different ages, the
oldest animals in the Sevoflurane-treated group clearly showed the greatest degree of
BBB permeability as well as the least recovery at 24 hours post-anesthesia. Indeed,
we found that 24 hours of recovery was generally insufficient for complete restoration
of BBB functional integrity and normal BVEC luminal surface morphology in all age
groups tested, but most notably in older animals. Extrapolating this to humans
suggests that, in elderly patients planning to undergo surgery and exposure to
inhalation anesthetics, there may be a long-term benefit in purposely choosing a less
potent, slower-acting anesthetic over a more potent faster-acting one. The basis of
this decision comes from the concept that the less potent anesthetic would presumably
pose less risk for BBB compromise and, hopefully, minimizes subsequent POD,
which is supported by the data presented here. Rates of POD have not been studied
extensively in humans for several reasons, not least important is the difficulty in
standardizing anesthetic use while administering a cocktail of varying
polypharmaceuticals. Also complicating these studies is the lack of consistently used
and validated tools for assessing POD. Further studies will be needed to identify
specific anesthetics for use in surgery that are less disruptive to BBB function and
thus better able to help patients to avoid postoperative manifestations such as POD,
postoperative cognitive decline and perhaps even subsequent dementias. For
example, in this context, the data presented here would support the choice of

Isoflurane over Sevoflurane for use in elderly patients.

Anesthetic-mediated death of BVECs contributes to BBB compromise
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Scanning electron microscopy revealed single and small clusters of dying and dead
BVECs in animals treated with Sevoflurane or Isoflurane, with an increased
prevalence in Sevoflurane-treated animals (Figs. 6). Since these cells were relatively
few and often surrounded by numerous other cells that appeared normal, it can be
suggested that they were, for some unknown reason, more vulnerable to anesthetic
treatment than surrounding cells. Not surprisingly, dying and dead BVECs were
clearly more abundant in 24-hour recovery group of animals, suggesting that it may
take some time for affected BVECs to finally succumb to the effects of anesthetics
(Figs. 6). Some features associated with the death of BVECs have been reported in
earlier studies of rats treated with a hypertonic arabinose solution (Lossinsky et al.,
1995) as well as in spontaneously hypertensive rats (Hazama et al., 1979).
Regardless of the underlying reason for the observed death of BVECs, there is no
doubt that their loss leaves a physical gap in the BBB that apparently does not get
rectified within 24 hours. It is unknown if or how such gaps are repaired as well as
the time frame for repair, but replacement of a lost BVEC with another derived from
circulating endothelial progenitor cells originating in the bone marrow is one
possibility (Kaneko et al., 2012; Peplow, 2014; Wei et al., 2010). Further work will
be needed to test this repair mechanism as well as to investigate any potential

therapeutic utility of stimulating such cell replacements.

Agreement of data with results of prior studies
Our data agrees with a study by Tetrault et al., who demonstrated a dose-dependent

breakdown of the BBB by Isoflurane in the cerebral cortex and thalamus in cats
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(Tetrault et al., 2008). Likewise, Hu et al. showed BBB compromise in 18-month-
old Wistar rats that had undergone orthopedic surgery under Sevoflurane (Hu et al.,
2014). However, the experimental design of the present study differs from that of
these earlier studies in two important ways. First, Tetrault et al. also treated the cats
with a muscle relaxant and other anesthetics in addition to Isoflurane. The use of
multiple compounds makes it difficult to definitively attribute the observed effects on
the BBB solely to Isoflurane (Tetrault et al., 2008). In the present study, in an effort
to more directly link the individual effects to Sevoflurane or Isoflurane, we avoided
the use of additional agents with the exception of an obligatory brief use of CO, for
euthanizing recovery and control rats. Second, Hu et al. carried out an orthopedic
surgical procedure in their Sevoflurane-treated rats (Hu et al., 2014). It is known that
surgical trauma, among other things, can induce expression of CCL2 by vascular
endothelial cells, which can influence BBB permeability by facilitating
transendothelial migration of macrophages into the brain parenchyma (Dzenko et al.,
2005). This introduces another variable that makes it difficult to distinguish the
relative contributions of the inhalation anesthetics from the response to the surgical
procedure on the observed outcomes. To avoid this, no surgical procedures were
carried out in the present study. The results of all of these studies, however, differ
from that published recently by Thal et al., as they failed to detect any effect of
Isoflurane or Sevoflurane on inflicting brain edema, BBB compromise, or alteration
in the expression of tight junction proteins associated with the BBB in young
C57B16N mice (Thal et al., 2012). Although it is certainly possible that the mouse

responds differently than the rat and larger mammals to these anesthetics, the fact that
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this study was focused only on younger mice might have contributed to the different
outcomes. Lastly, in the present study, we were also mindful of the increasing
frequency of aging-associated chronic vascular changes and comorbidities that can
afflict very old animals (Popescu et al., 2009; Shah and Mooradian, 1997; Zeevi et
al., 2010). Such chronic states can have significant impact on our experimental
outcomes and can confuse interpretations of data (Popescu et al., 2009; Shah and
Mooradian, 1997; Zeevi et al., 2010). For this reason, we decided against including

extremely old rats in our study.

BBB breakdown - a common theme linking POD, postoperative cognitive decline
and eventual dementia

About 50% of the elderly patients who undergo general anesthesia develop POD, and
only half of these POD patients regain normal cognition on the second day (Neufeld
et al.,, 2013). In the context of the present study, this suggests that entry of plasma
components into the brain parenchyma through anesthesia-induced increased BBB
permeability results in disruption of the brain homeostasis. This acutely altered brain
homeostasis could trigger neuronal dysfunction, leading to a manifestation of
symptoms that collectively defines POD. During patient recovery, partial or
complete restoration of BBB function, depending on the age and vascular health
status of the individual, would be expected to correspond to partial or complete loss
of POD symptoms. Furthermore, failure to completely recover BBB function, which
may occur preferentially in elderly POD patients, could set into motion a long-term

pathological progression that transgresses POD, leading to postoperative cognitive
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decline and perhaps even dementia in the long-term as depicted in figure 7. In the
present study, we also demonstrate that some blood-borne IgGs have selective affinity
for pyramidal neurons in the cerebral cortex. This binding of extravasated IgG to
pyramidal neurons may also be disruptive to neuronal function and even trigger
further pathological changes via the crosslinking and internalization of key surface
membrane proteins. For example, we have previously reported that IgG binds
selectively to amyloid-beta; 4> (Abeta42)-burdened pyramidal neurons located in
regions of pathology in the cerebral cortex of Alzheimer’s disease patients (Nagele et
al., 2011). We tested the possible mechanistic relationship between neuronal IgG
binding and intraneuronal Abeta42 deposition in adult mouse brain slice cultures and
demonstrated that IgG binding to pyramidal neurons enhances chronic endocytosis
and selective intraneuronal deposition of Abeta42 in these cells (Nagele et al., 2011).
The fact that BBB breakdown and selective binding of IgG to neurons are common
events that occur in the brains of inhalation anesthetic-treated older rats and human
Alzheimer’s disease patients leads us to propose that BBB compromise may be a
common and requisite mechanistic link. Similar results and conclusions implicating
BBB compromise and selective IgG binding to neurons in chronic epilepsy were
reported in a study carried out on human temporal lobe epileptic tissues and in a rat

model of epilepsy (Michalak et al., 2012).

This study has some obvious limitations. The first is the small sample size of the
group of older rats, due to their limited availability and long waiting periods for their

delivery. This had a negative impact on statistical significance in spite of an easily
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discerned pattern of the effects of these inhalation anesthetics on BBB integrity. In
addition, the treatment of the animals with anesthetics as carried out in the present
study fails to match the induction of general anesthesia in humans, as we did not use
any intravenous anesthetic agent, opioids, or muscle relaxants. Of course, in part, this
was done purposefully in an effort to more clearly attribute the observed effects to a
single agent, i.e., Sevoflurane or Isoflurane. Lastly, the selection of a single recovery
point was subsequently found to be limiting since our data clearly revealed that 24
hours was insufficient for full recovery of BBB functional integrity, even in young
and middle aged rodents. Further studies using larger numbers of rats from all age

group that are allowed to recover for longer time periods will be needed.

Conclusions and perspectives

The data presented here show that some inhalation anesthetics can increase BBB
permeability, particularly in older subjects. In addition, we show that Sevoflurane
has a greater effect on increasing BBB permeability in a rat model, and that older
Sevoflurane-treated animals failed to regain BBB integrity within 24 hours of
exposure to anesthetic, as judged by the persistent presence of IgG in the brain
parenchyma as a biomarker of vascular leak. These findings advocate for the
identification and selection of inhalation anesthetics that are less disruptive to the
BBB in the elderly, since individuals in this age group are most vulnerable to BBB
breakdown and thus POD. From this study, it is clear that both anesthetics directly
alter the luminal surface morphologies of BVECs, particularly in regions of BBB-

associated tight junctional folds. Furthermore, the more severe effects of Sevoflurane
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on BVEC luminal surface morphology suggest that these changes are sufficient to
exceed some threshold required for breach of BBB integrity. Based on these
findings, we propose that BBB breakdown induced by some inhalation anesthetics
perturbs brain homeostasis due to the influx of plasma components into the brain
parenchyma. For example, IgG, a plasma component normally blocked from entry
into the brain by the BBB, was found to extravasate into brain parenchyma
predominantly in Sevoflurane-treated animals. The observed selective binding of this
IgG to neurons may further exacerbate neuronal dysfunction and thereby contribute to
emergence of symptoms associated with POD. Furthermore, we suggest that failure
to completely restore BBB function following surgery, which appears to be most
prevalent in the elderly, could lead to postoperative cognitive decline in the short-
term and, if unresolved, may favor the later development of dementia in the long-term
(Fig. 7). Therefore, maintenance of proper BBB function is crucial for preventing the

occurrence and escalation of postoperative delirium.

126



REFERENCES

A, HL.M.a.M.J., 2011. 2010 Census Summary File 1. Vol., ed."eds. U.S. CENSUS
BUREAU, USA.

Abbott, N.J., Patabendige, A.A., Dolman, D.E., Yusof, S.R., Begley, D.J., 2010.
Structure and function of the blood-brain barrier. Neurobiol Dis. 37, 13-25.

Acharya, N.K., Levin, E.C., Clifford, P.M., Han, M., Tourtellotte, R., Chamberlain,
D., Pollaro, M., Coretti, N.J., Kosciuk, M.C., Nagele, E.P., Demarshall, C.,
Freeman, T., Shi, Y., Guan, C., Macphee, C.H., Wilensky, R.L., Nagele, R.G.,
2013. Diabetes and hypercholesterolemia increase blood-brain barrier
permeability and brain amyloid deposition: beneficial effects of the LpPLA2
inhibitor darapladib. J Alzheimers Dis. 35, 179-98.

Ansaloni, L., Catena, F., Chattat, R., Fortuna, D., Franceschi, C., Mascitti, P., Melotti,
R.M., 2010. Risk factors and incidence of postoperative delirium in elderly
patients after elective and emergency surgery. Br J Surg. 97, 273-80.

Bedford, P.D., 1955. Adverse cerebral effects of anaesthesia on old people. Lancet.
269, 259-63.

Brown, E.N., Lydic, R., Schiff, N.D., 2010. General anesthesia, sleep, and coma. N
Engl J Med. 363, 2638-50.

Brown, E.N., Purdon, P.L., 2013. The aging brain and anesthesia. Curr Opin
Anaesthesiol. 26, 414-9.

Burns, A., Gallagley, A., Byrne, J., 2004. Delirium. J Neurol Neurosurg Psychiatry.
75,362-7.

Clifford, P.M., Siu, G., Kosciuk, M., Levin, E.C., Venkataraman, V., D'Andrea,
M.R., Nagele, R.G., 2008. Alpha7 nicotinic acetylcholine receptor expression
by vascular smooth muscle cells facilitates the deposition of Abeta peptides
and promotes cerebrovascular amyloid angiopathy. Brain Res. 1234, 158-71.

Dzenko, K.A., Song, L., Ge, S., Kuziel, W.A., Pachter, J.S., 2005. CCR2 expression
by brain microvascular endothelial cells is critical for macrophage
transendothelial migration in response to CCL2. Microvasc Res. 70, 53-64.

Hazama, F., Ozaki, T., Amano, S., 1979. Scanning electron microscopic study of

endothelial cells of cerebral arteries from spontaneously hypertensive rats.
Stroke. 10, 245-52.

127



Hu, N., Guo, D., Wang, H., Xie, K., Wang, C., Li, Y., Wang, C., Wang, C., Yu, Y.,
Wang, G., 2014. Involvement of the blood-brain barrier opening in cognitive
decline in aged rats following orthopedic surgery and high concentration of
sevoflurane inhalation. Brain Res. 1551, 13-24.

Iida, H., Ohata, H., Iida, M., Watanabe, Y., Dohi, S., 1998. Isoflurane and
sevoflurane induce vasodilation of cerebral vessels via ATP-sensitive K+
channel activation. Anesthesiology. 89, 954-60.

Inouye, S.K., Westendorp, R.G., Saczynski, J.S., 2014. Delirium in elderly people.
Lancet. 383, 911-22.

Jin, A.Y., Tuor, U.L, Rushforth, D., Kaur, J., Muller, R.N., Petterson, J.L., Boutry, S.,
Barber, P.A., 2010. Reduced blood brain barrier breakdown in P-selectin
deficient mice following transient ischemic stroke: a future therapeutic target
for treatment of stroke. BMC Neurosci. 11, 12.

Kalaria, R.N., 2010. Vascular basis for brain degeneration: faltering controls and risk
factors for dementia. Nutr Rev. 68 Suppl 2, S74-87.

Kaneko, Y., Tajiri, N., Shinozuka, K., Glover, L.E., Weinbren, N.L., Cortes, L.,
Borlongan, C.V., 2012. Cell therapy for stroke: emphasis on optimizing safety

and efficacy profile of endothelial progenitor cells. Curr Pharm Des. 18, 3731-
4.

Kuang, F., Wang, B.R., Zhang, P., Fei, L.L., Jia, Y., Duan, X.L., Wang, X., Xu, Z.,
Li, G.L. Jiao, X.Y., Ju, G., 2004. Extravasation of blood-borne
immunoglobulin G through blood-brain barrier during adrenaline-induced
transient hypertension in the rat. Int J Neurosci. 114, 575-91.

Leslie, D.L., Marcantonio, E.R., Zhang, Y., Leo-Summers, L., Inouye, S.K., 2008.
One-year health care costs associated with delirium in the elderly population.
Arch Intern Med. 168, 27-32.

Lossinsky, A.S., Vorbrodt, A.W., Wisniewski, H.M., 1995. Scanning and
transmission electron microscopic studies of microvascular pathology in the
osmotically impaired blood-brain barrier. J Neurocytol. 24, 795-806.

Maldonado, J.R., 2013. Neuropathogenesis of delirium: review of current etiologic
theories and common pathways. Am J Geriatr Psychiatry. 21, 1190-222.

Michalak, Z., Lebrun, A., Di Miceli, M., Rousset, M.C., Crespel, A., Coubes, P.,
Henshall, D.C., Lerner-Natoli, M., Rigau, V., 2012. IgG leakage may
contribute to neuronal dysfunction in drug-refractory epilepsies with blood-
brain barrier disruption. J Neuropathol Exp Neurol. 71, 826-38.

128



Nadelson, M.R., Sanders, R.D., Avidan, M.S., 2014. Perioperative cognitive
trajectory in adults. Br J Anaesth. 112, 440-51.

Nagele, R.G., Clifford, P.M., Siu, G., Levin, E.C., Acharya, N.K., Han, M., Kosciuk,
M.C., Venkataraman, V., Zavareh, S., Zarrabi, S., Kinsler, K., Thaker, N.G.,
Nagele, E.P., Dash, J., Wang, H.Y., Levitas, A., 2011. Brain-reactive
autoantibodies prevalent in human sera increase intraneuronal amyloid-beta(1-
42) deposition. J Alzheimers Dis. 25, 605-22.

Neufeld, K.J., Leoutsakos, J.M., Sieber, F.E., Wanamaker, B.L., Gibson Chambers,
JJ., Rao, V., Schretlen, D.J., Needham, D.M., 2013. Outcomes of early

delirium diagnosis after general anesthesia in the elderly. Anesth Analg. 117,
471-8.

Neufeld, K.J., Thomas, C., 2013. Delirium: definition, epidemiology, and diagnosis. J
Clin Neurophysiol. 30, 438-42.

Peplow, P.V., 2014. Growth factor- and cytokine-stimulated endothelial progenitor
cells in post-ischemic cerebral neovascularization. Neural Regen Res. 9, 1425-
9.

Popescu, B.O., Toescu, E.C., Popescu, L.M., Bajenaru, O., Muresanu, D.F.,
Schultzberg, M., Bogdanovic, N., 2009. Blood-brain barrier alterations in
ageing and dementia. J Neurol Sci. 283, 99-106.

Rouhl, R.P., Damoiseaux, J.G., Lodder, J., Theunissen, R.O., Knottnerus, I.L., Staals,
J., Henskens, L.H., Kroon, A.A., de Leeuw, P.W., Tervaert, JJW., van

Oostenbrugge, R.J., 2012. Vascular inflammation in cerebral small vessel
disease. Neurobiol Aging. 33, 1800-6.

Rudolph, J.L., Marcantonio, E.R., 2011. Review articles: postoperative delirium:
acute change with long-term implications. Anesth Analg. 112, 1202-11.

Sahu, D.K., Kaul, V., Parampill, R., 2011. Comparison of isoflurane and sevoflurane
in anaesthesia for day care surgeries using classical laryngeal mask airway.
Indian J Anaesth. 55, 364-9.

Scholz, J., Bischoff, P., Szafarczyk, W., Heetel, S., Schulte, J., 1996. [Comparison of
sevoflurane and isoflurane in ambulatory surgery. Results of a multicenter

study]. Anaesthesist. 45 Suppl 1, S63-70.

Shah, G.N., Mooradian, A.D., 1997. Age-related changes in the blood-brain barrier.
Exp Gerontol. 32, 501-19.

129



Strom, C., Rasmussen, L.S., Sieber, F.E., 2014. Should general anaesthesia be
avoided in the elderly? Anaesthesia. 69 Suppl 1, 35-44.

Tetrault, S., Chever, O., Sik, A., Amzica, F., 2008. Opening of the blood-brain barrier
during isoflurane anaesthesia. Eur J Neurosci. 28, 1330-41.

Thal, S.C., Luh, C., Schaible, E.V., Timaru-Kast, R., Hedrich, J., Luhmann, H.J.,
Engelhard, K., Zehendner, C.M., 2012. Volatile anesthetics influence blood-
brain barrier integrity by modulation of tight junction protein expression in
traumatic brain injury. PLoS One. 7, e50752.

van Munster, B.C., de Rooij, S.E., 2014. Delirium: a synthesis of current knowledge.
Clin Med. 14, 192-5.

Vasilevko, V., Passos, G.F., Quiring, D., Head, E., Kim, R.C., Fisher, M., Cribbs,
D.H., 2010. Aging and cerebrovascular dysfunction: contribution of
hypertension, cerebral amyloid angiopathy, and immunotherapy. Ann N Y
Acad Sci. 1207, 58-70.

Wei, H.J., Jiang, R.C., Liu, L., Zhang, J.N., 2010. Circulating endothelial progenitor
cells in traumatic brain injury: an emerging therapeutic target? Chin J
Traumatol. 13, 316-8.

Zeevi, N., Pachter, J., McCullough, L.D., Wolfson, L., Kuchel, G.A., 2010. The
blood-brain barrier: geriatric relevance of a critical brain-body interface. ] Am

Geriatr Soc. 58, 1749-57.

Zlokovic, B.V., 2008. The blood-brain barrier in health and chronic
neurodegenerative disorders. Neuron. 57, 178-201.

130



ATTRIBUTIONS

Authors

Nimish K. Acharya, Ph.D."”; Eric L. Goldwaser, B.S."”; Martin M. Forsberg,
M.D.3; George A. Godsey, B.S.l’z; Cristina A. Johnson, M.S.l’z; Abhirup Sarkar,
M.S.l’z; Cassandra DeMarshall, M.S.l’z; Mary C. Kosciuk, Ph.D.1’3; Jacqueline M.
Dash, M.S.2’3; Caitlin P. Hale, B.S.3; Douglas M. Leonard, D.O. 4; Denah M. Appelt,
Ph.D.S; Robert G. Nagele, Ph.D.!?

Affiliations

'Biomarker Discovery Center, New Jersey Institute for Successful Aging, Rowan
University School of Osteopathic Medicine, Stratford, NJ 08084

2Graduate School of Biomedical Sciences, Rowan University, Stratford, NJ 08084
*Department of Geriatrics and Gerontology, Rowan University School of Osteopathic
Medicine, Stratford, NJ 08084

*Department of Psychiatry, Rowan University School of Osteopathic Medicine,
Stratford, NJ 08084

>Philadelphia College of Osteopathic Medicine, Philadelphia, PA 19131

Funding disclosure

The authors wish to thank the Osteopathic Heritage Foundation and Princeton
Institute for Life Sciences for supporting this project.

Running headline

Inhaled anesthetics and blood-brain barrier permeability

Keywords

131



blood brain barrier, sevoflurane, isoflurane, anesthesia, delirium, postoperative
delirium

Abbreviations

BBB — blood-brain barrier, POD — postoperative delirium, POCD — postoperative
cognitive decline, I[gG — immunoglobulin G

PMID: 25960348

Citation

Acharya NK, Goldwaser EL, Forsberg MM, et al. Sevoflurane and Isoflurane induce
structural changes in brain vascular endothelial cells and increase blood-brain barrier
permeability: Possible link to postoperative delirium and cognitive decline. Brain
Res. 2015; 1620:29-41.

Figure 1. ELG, NKA, GG, AS, MK, JD, CH, CJ, and CD helped to harvest, process,
and image tissue from animals.

Figure 2. ELG, NKA, GG, AS, and CD helped to harvest, process, and image tissue
from animals.

Figure 3. ELG, NKA, GG, AS, and CD helped in the making of this graph.

Figure 4. ELG, NKA, GG, AS, and CD helped to harvest, process, and image tissue
with help from DA.

Figure 5. ELG, NKA, GG, AS, and CD helped to harvest, process, and image tissue
with help from DA.

Figure 6. ELG, NKA, GG, AS, and CD helped to harvest, process, and image tissue
with help from DA.

Figure 7. We wish to thank Amanda S. Almon, M.F.A. C.M.I. from the Department

132



of Art at the College of Communication and Creative Arts of Rowan University.

133



Chapter IV

Chronic diabetes mellitus and hypercholesterolemia disrupt retinal architecture

and increase blood-retina barrier permeability
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ABSTRACT

Diabetic retinopathy (DR) has been identified as one of the complications of diabetes
mellitus (DM). Presently, with increased incidence of obesity, hypercholesterolemia
(HC) has also become prevalent. For understanding the impact of DM and HC on
cerebrovasculature our group has developed a swine model with DMHC. Using this
model, we have demonstrated increased blood-brain barrier (BBB) permeability,
selective binding of serum IgG to pyramidal neurons, and deposition of beta-
amyloid;4, peptide in these neurons. Increased BBB permeability and associated
secondary effects were alleviated by treatment with Darapladib (GlaxoSmithKline,
SB480848), an inhibitor of lipoprotein-associated phospholipase A2 (LpPLA,). Here,
we have investigated the effect of DMHC on retinal architecture of these DMHC pigs
by using histological and immunohistochemistry analyses on their retinal sections.
Here, we report increased permeability of the blood-retinal barrier (BRB) with the
following structural alterations in retinal architecture: increased leak of plasma
components into retinal tissue, selective IgG binding to neurons in the ganglion cell
layer, thinning of several retinal layers as a result of cell loss, and increased glial
fibrillary acidic protein expression in Miiller cells, all of which were curtailed by
treatment with Darapladib. Based on these structural changes, we propose that
chronic DMHC-induced structural changes in the retina impair BRB integrity and
may lead to diabetic retinopathy. Drugs like Darapladib may prove to be useful for

alleviating the impact of chronic DMHC on retina.
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INTRODUCTION

Diabetic retinopathy is one of the early onsets, long-term complication of diabetes
mellitus (DM) (Barber and Antonetti 2003, Cunha-Vaz, Faria de Abreu, and Campos
1975, Klein 2007, Leal et al. 2010). It is also regarded as a primary cause of partial or
complete vision loss in these patients (Klein 2007, Yau et al. 2012). Yet, the reason
for its onset and the development of its pathology in diabetic patients is still
unknown. Earlier studies have demonstrated chronic extravasation of plasma
components via a compromised blood-retinal barrier (BRB) in patients with DM and
therefore DM has been implicated in the pathogenesis of diabetic retinopathy (Barber
and Antonetti 2003, Cunha-Vaz, Faria de Abreu, and Campos 1975, Leal et al. 2010).
Recently, we have reported increased blood-brain barrier (BBB) permeability in a
porcine model with chronic DM and hypercholesterolemia (HC) (Acharya et al.
2013). This increased BBB permeability is morphologically demonstrated as
perivascular leak clouds with selective binding of immunoglobulin G (IgG) to
pyramidal neurons in the cerebral cortex along with increased intracellular deposition
of the amyloid beta; 4, (AP42) peptide in these neurons (Acharya et al. 2013). Upon
treatment with Darapladib, a lipoprotein-associated phospholipase A2 inhibitor
developed by GlaxoSmithKline to treat atherosclerosis, DMHC animals demonstrated
a reduction in BBB permeability, IgG binding and APB42 deposition in the cortical
pyramidal neurons (Acharya et al. 2013). Using retinal sections from the eyes of this
animal model, we have sought to determine disruptive effect of chronic DMHC on

the BRB. Similar to the BBB, the BRB is also a functional blood-tissue barrier in eye.
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It consists of a monolayer of vascular endothelial cells tasked with restricting the
movement of plasma components from the blood into the immune-privileged retina.
Hence BRB closely resembles the BBB both structurally and functionally (Steuer et

al. 2005).

In this animal model, we have observed a significant alteration in the thicknesses of
three retinal layers possibly as a result of cell loss. The chronic state of DMHC also
revealed an increased BRB permeability in DMHC pigs since there was a
significantly higher incidence of IgG-positive cells within the retinal ganglion cell
layer. Normally, the BRB tightly regulates and prevents blood components such as
IgG from entering the retina. We also found a significant increase in the expression of
glial fibrillary acidic protein (GFAP) by the Miiller cells located in the retina of these
DMHC pigs. Miiller cells are the most abundant type of glial cells in retina (Chang et
al. 2007). Increased GFAP expression by Miiller cells has been widely used as a
biomarker of glial cell activation, which wusually occurs in response to
injury/inflammation resulting from trauma, disease, or chemical insults (Eng,
Ghirnikar, and Lee 2000). Thus, based on these data, we conclude that the chronic
state of DMHC impairs BRB integrity. Upon treatment with Darapladib, the pigs with
chronic DMHC, demonstrated significant reduction in BRB permeability along with
normalization of retinal layer - thickness, number and architecture. These
observations suggest the beneficial role of anti-inflammatory drugs like Darapladib in

assuaging the chronic effect of DMHC on retina. Furthermore, usage of drugs like
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Darapladib need to be further investigated as it has a potential application in the

treatment of diabetic retinopathy.
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EXPERIMENTAL PROCEDURE

Porcine model, tissue handling, and processing

Details of the DMHC porcine model have been reported previously (Acharya et al.
2013, Wilensky et al. 2008). Briefly, six month old male Yorkshire domestic farm
pigs (~25-35 kg) were selected as the animal model for this study. DM was induced
in these animals by injecting a single dose of 125 mg/kg Streptozotocin. After three
days of DM induction, these animals were put on a hyperlipidemic diet. Throughout
the course of the study, blood levels of glucose and cholesterol were closely
monitored and maintained at 350-400 mg/dl and 400-800 mg/dl, respectively. One
month after induction of DMHC, DMHC pigs were randomly separated into two
groups: DMHC and Darapladib-DMHC. The Darapladib-DMHC group received an
oral dose (10 mg kg'day"') of the Lp-PLA, inhibitor, Darapladib (SB480848,
GlaxoSmithKline). Three of the Yorkshire domestic farm pigs of the same age and
sex were refrained from DM induction and hyperlipidemic diet. This group of pigs
was used as age-matched normal controls. Darapladib-DMHC pigs received
Darapladib treatment for 24 weeks. At the end of treatment, animals from all three
groups were euthanized. The eyes were quickly removed within 20 minutes of
euthanizing and processed immediately. Animal use and experimental details of this

study were approved by the IACUC of the University of Pennsylvania.

Determination of retinal thickness

139



The remarkably uniform and laminated histological architecture of the retina lends
itself well to direct measurements of the thickness of the various layers as shown in
figure 1. Using the image analysis software, ImagePro 7.0 (Media Cybernetics,
Silver Spring, MD), we measured the thickness of all retinal layers. The thickness of
each retinal layer was measured in three separate retinal sections obtained from each
animal. In each section, measurements were made at two randomly selected locations
in the middle part of retina to minimize regional variability. Results were averaged
for each pig. The subject group identity of specimens was blinded and two
independent investigators carried out this analysis. In addition, the percentage
contribution of each retinal layer to the total thickness of the retina was calculated and

compared among the different treatment groups.

Immunohistochemistry (IHC) and bright-field microscopy

Localization of IgG in the cerebral cortex and retina was carried out using IHC as
described previously (Acharya et al. 2013, Nagele et al. 2011). Briefly, tissue
sections were deparaffinized in xylene and rehydrated in decreasing concentrations of
ethanol. The antigenicity of these tissues was enhanced by microwaving in citrate
buffer. Sections were treated with 3% H,0O, for 10 minutes to quench endogenous
peroxidase activity. Tissues were subsequently treated with blocking serum for 30
minutes at room temperature and then probed with anti-swine IgG antibody (Vector
Laboratories, Inc, Catalogue # BA-9020; dilution 1:100) for an hour. Sections were
then rinsed in PBS, treated with avidin-peroxidase complex (Vectastain ABC Elite

kit, Vector Laboratories, Catalogue # PK-6100), washed with PBS, and visualized
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with 3-3-diaminobenzidine-4-HCL (DAB)/ H,O, (Imm-PACT-DAB) (Dako, Code
K3468). Nuclei were lightly counterstained with hematoxylin. Lastly, tissues were
dehydrated in increasing concentrations of ethanol, cleared in xylene and mounted in
Permount (Fisher Scientific, USA). The specificity of the IgG antibodies was tested
by treating tissue sections with blocking sera only as negative controls. Slides were
examined and photographed with a Nikon FXA microscope, and digital images were
recorded using a Nikon DXM1200F digital camera and analyzed using NIS-elements
software (Nikon, Melville, NY). The evaluator was blinded as to subject group

identity of the samples during image analysis.

Immunofluorescence microscopy and image analysis of the retina

Retinal sections were deparaffinized using xylene and rehydrated through a graded
series of decreasing concentrations of ethanol. Antigen Unmasking Solution (Vector
Laboratories) was used according to the manufacturer’s instructions. Slides were then
placed in 0.5% Triton X-100 in PBS for 5 minutes. After washing briefly with PBS,
they were incubated overnight at 4°C with rabbit anti-GFAP antibody (dilution 1:200,
Sigma, Cat # G3893), washed three times with PBS, and then incubated with Alexa
Fluor 488 goat anti-rabbit secondary antibodies (dilution 1:200, Molecular Probes,
Life Technology, USA) for 1 hour at room temperature. Sections were thoroughly
washed in PBS and then mounted using Vectashield with DAPI (Vector Laboratories,
USA). Negative controls were treated with non-immune serum or without primary
antibody. Images were taken at 20X magnification on a Nikon Eclipse E800

microscope (Nikon, Melville, NY) equipped with a QImaging Retiga Exi (Qimaging
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Burnham, Canada) digital camera. Cells positive for GFAP were counted throughout
the thickness of the retina, and then quantified using ImagePro7.0 (Media Cybernetics,
Silver Spring, MD). Briefly, a 300 x 300 pixel square area was randomly selected in
each retinal section in three contiguous locations across the retina and the positive
GFAP area was determined per total area using a fixed threshold. For total cell counts,
sections were mounted in Vectashield with DAPI (Vector Laboratories). Cell number
was determined by counting the DAPI-positive nuclei in a fixed area. The results of
these measurements were then averaged for each section. The evaluator was blinded

as to subject group identity of the samples during image analysis.

Using the image analysis software, ImagePro 7.0 (Media Cybernetics, Silver Spring,
MD), the total number of IgG positive ganglion cells and total cells in GCL was
counted. The percentage of the IgG labeled ganglion cells was then quantified out of

total ganglion cells.

Statistics
The Student’s ¢ test with Welch’s correction was used for calculating statistical
significance. Variations within each treatment group were represented by either

standard deviation or standard error.
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RESULTS

In the chronic DMHC pig model, we have reported an increased BBB permeability
which results in IgG binding to pyramidal neurons, amyloid deposition, and
neurodegenerative changes resembling pathological features of early stage AD
(Acharya et al. 2013). We further showed that these changes could be curtailed by
treatment with Darapladib. In view of the well-established link between chronic DM
and retinal pathology, particularly diabetic retinopathy, and the structural and
functional similarities between BBB and BRB, we have investigated the effects of
DMHC and Darapladib on the structure of the retina and BRB function in the same

DMHC pig model.

Chronic DMHC altered the thickness of the individual retinal layers.

The thickness of individual layers of the retina was measured using Hematoxylin and
Eosin stained transverse sections (Fig 1). Chronic DMHC (or Darapladib treatment)
failed to demonstrate significant changes in the total thickness of the retina (Figs 1A-
D). However, in DMHC pigs we have found a significant decrease in the thickness of
several individual layers of retina, namely, ganglion cell layer (GCL), outer nuclear
layer (ONL), and inner-segment (IS) / outer-segment (OS) photoreceptor layer
compared to controls (Fig 1D-G). By contrast, the inner plexiform layer (IPL) in
DMHC animals showed a significant increase in thickness and was more

disorganized compared to controls (Fig 1H). This could be the reason for similar
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total retinal thickness among treatment groups in spite of significant reduction in the
GCL, ONL, and IS/OS thickness. The inner nuclear layer (INL) retained a
comparable thickness across all treatment groups (Fig 1I). Most importantly,
Darapladib treatment reversed the effects of DM and HC on the thickness of GCL,
ONL, and IS/OS layers as their thickness in Darapladib-treated DMHC group was
comparable to controls (Figs 1E-G). Darapladib treatment also lowered IPL thickness

in DMHC animals to near control levels (Fig 1H).

DMHC reduced the number of cells in the GCL and INL.

The thickness of any given cellular layer in the retina is directly proportional to the
number of cells comprising that layer. To determine the effects of chronic DMHC and
Darapladib treatment on the cell number within the GCL and INL, we compared the
numbers of cells in these layers by counting their nuclei (Figs 2). The state of chronic
DMHC has made a significant reduction in the numbers of nuclei and therefore cells
within the GCL and INL compared to controls (Figs 2D-E). On the other hand, the
total number of cells in both GCL and INL were maintained at control levels under

Darapladib treatment (Figs 2D-E).

IgG binds selectively to ganglion cells in the GCL.

In our previous study, looking at the effects of chronic DMHC on the cerebral cortex
in these same pigs, we revealed a greater degree of intense IgG-positive staining in
cortical pyramidal neurons. This staining demonstrated a compromised BBB

(Acharya et al. 2013). In this retinal study, extravasated IgG was detected. Using anti-
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pig IgG, retinal sections were immune-stained as previously described. Image
analysis of these tissues revealed an increased presence of IgG-positive ganglion cells
in the retina of DMHC pigs over controls. These ganglion cells exhibited both
cytoplasmic and cell surface IgG labeling (Figs 3A-C). Cells in other retinal layers
lacked detectable immuno-labeling with IgG. We calculated the percentage of IgG-
positive ganglion cells relative to total ganglion cells in the GCL. Among the
treatment groups, DMHC animals had the highest percentage of IgG-positive

ganglion cells followed by controls and then the DMHC-Darapladib group (Fig 3D).

DMHC triggers gliosis in the retina.

We have also investigated the effect of chronic DMHC and Darapladib treatment on
retinal glial cells. The expression of GFAP in retina was used to access the state of
glial cells (Fig 4). GFAP expression was markedly increased in the DMHC retina
compared to controls and Darapladib-treated DMHC pigs (Figs. 4A-D). In DMHC
retina, GFAP-positive fluorescence extended from the inner- to the outer-limiting
membranes, confirming that the observed GFAP expression was predominantly
associated with Miiller cells (Fig. 4B). The proximal and distal ends of Miiller cells
positioned within the GCL demonstrated the most intense GFAP expression in the
DMHC group (Fig. 4B). However, GFAP immunoreactivity was reduced and
confined to the GCL in both control and DMHC-Darapladib animals (Figs 4A-C). We
also quantified the intensity of GFAP staining (Fig. 4D). An eight-fold increase in
GFAP staining was observed in the DMHC group compared to controls. Darapladib

treatment, although, significantly reduced GFAP expression in the Darapladib-treated
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DMHC group compared to DMHC animals by nearly three-fold it was significantly

elevated in DMHC-Darapladib pigs compared to controls (Fig. 4D).
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Figure 1: Chronic DMHC and Darapladib treatment modifies thickness
of retinal layers.

The effect of DMHC induction and Darapladib treatment on the porcine retina
(Ret.) was investigated by carrying out histological analyses of Hematoxylin-
Eosin stained retinal sections from all treatment groups - control (Ctrl., A),
DMHC (B) and Darapladib-treated DMHC (Rx, C). The thickness of total and
individual retinal layers was quantified and the percentage of individual
retinal layer thickness in relation to total retinal thickness was calculated and
used for comparison. D — Total retinal thickness, E — ganglion cell layer
percentage, F - Outer nuclear layer percentage, G - IS/OS — Inner and outer
segments of photoreceptors percentage, H - Inner plexiform layer percentage,
I - Inner nuclear layer percentage. Scale bar - 50 microns. ns = p > 0.05, ** =

p <0.01, *** = p <0.001
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Fig 2: DMHC-induced cell loss in the GCL and INL was reversed by
Darapladib treatment. Retinal (Ret.) sections from pigs of all treatment
groups were prepared with DAPI staining for histological assessment and
nuclear count in the GCL and INL for control (Ctrl., A), DMHC (B) and
Darapladib-treated DMHC (Rx, C). The number of cells in GCL (D) and INL
(E) was quantified using image analysis. Scale bar - 50 microns, ns = p >

0.05, ** = p <0.01, *** =p <0.001
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Figure 3: DMHC pigs have the highest incidence of IgG-labeled ganglion cells.

Retinal (Ret.) sections from pigs of control (Ctrl., A), DMHC (B) and Darapladib
treatment (Rx, C) groups were probed with anti-swine IgG antibodies. DMHC pigs
demonstrated the highest number of IgG labeled ganglion cells (red arrow). Ganglion
cells in the other treatment groups failed to show similar extent of IgG labeling (black
arrowhead) (D) The percentage of IgG labeled ganglion cells in the GCL for each
treatment group was quantified using Image J software and IHC. Scale bar - 50

microns, ns = p > 0.05, ** =p <0.01, *** =p <0.001, BV = Blood vessel.
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Figure 4: DMHC induction and Darapladib treatment modify GFAP
expression.

Retinal (Ret.) sections from control (Ctrl., A), DMHC (B) and Darapladib-
treated pigs (Rx, C) were probed with anti-GFAP antibody to study its
expression by Miiller cells. Using ImagePro software and IHC, GFAP
expression by pigs from all treatment groups (D) were quantified. GCL -
Ganglion cell layer, IPL- Inner plexiform layer, INL - Inner nuclear layer,
ONL - Outer nuclear layer, IS/OS — Inner and outer segments of
photoreceptors, Scale bar - 50 microns, ns = p > 0.05, ** = p <0.01, *** =p

<0.001
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DISCUSSION

Diabetes mellitus (DM) and hypercholesterolemia (HC) are considered major risk
factors for a number of diseases, including diabetic retinopathy and Alzheimer’s
disease (Barber and Antonetti 2003, Cunha-Vaz, Faria de Abreu, and Campos 1975,
Klein 2007, Awad, Gagnon, and Messier 2004, Carlsson 2010, Moroz et al. 2008,
Zambon et al. 2010). DM and HC often occur concurrently, and this close
interrelationship has been linked to well-known deleterious effects on the vasculature,
particularly in the elderly, some of which may have their origins in vascular
inflammation (Carlsson 2010, Jiang et al. 2012, Luchsinger and Gustafson 2009,
Moroz et al. 2008, Taguchi 2009). In support of this, an earlier study investigating
mechanisms of atherosclerosis in a DMHC swine model revealed that Darapladib was
capable of blocking the progression of arterial plaques to a higher-risk phenotype by
reducing inflammatory macrophage infiltration (Wilensky et al. 2008). Subsequently,
we reported increased BBB permeability, selective binding of IgG to cortical
pyramidal neurons, and increased intraneuronal deposition of AB42 in the cerebral
cortex in these same DMHC pigs (Acharya et al. 2013). In support of this claim, a
recent placebo-controlled phase Ila study on the efficacy of Darapladib treatment on
individuals suffering from diabetic macular edema demonstrated modest
improvements in their vision and macular edema within three months of treatment

(Staurenghi et al. 2015).
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The above-mentioned effects of DMHC on the retina and cortical vasculature
prompted us to further investigate its influence on the retina in these animals. In the
present study, we observed an increase in the permeability of the BRB in the eyes.
Pigs have many similarities in their metabolism and physiology to that of humans.
Furthermore, their organs are large enough to be supported by vessels of comparable
hierarchy as in humans. For this reason, pigs are an ideal animal model to study
abnormalities associated with blood vasculature (Steuer et al. 2005). Also, unlike the
rodent models, pigs are naturally vulnerable to atherosclerosis and DM, and can
develop cardiovascular anomalies as in humans. Presently, both DM and
cardiovascular diseases are reaching epidemic proportions in human population
(Carlsson 2010, Matsuzaki et al. 2011, Ohara et al. 2011). During this study though
we found that chronic DMHC did not cause changes in the overall thickness of the
retina, it was associated with significant decreases in the thicknesses of the GCL,
ONL, and IS/ OS layers compared to controls. On the other hand, the IPL
demonstrated increased thickness compared to other treatment groups. In addition,
image analysis revealed that thinning of the GCL and INL was associated with a
reduction in number of cells populating these layers. On treatment with Darapladib,
the thicknesses of the GCL, ONL, and IS/OS layers was normalized possibly due to
inhibition of cell loss within these layers. Darapladib treatment also maintained IPL

thickness comparable to controls.

Several studies carried out in patients and animal models with DM have reported an

increased BRB permeability and altered tight junction protein expression in the retina
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(Leal et al. 2010, Fan et al. 2014, Goncalves et al. 2012, Goncalves et al. 2014,
Klaassen et al. 2009, Saker et al. 2014), corroborating our results. In the present
study, a DMHC-associated BRB compromise was evidenced by the selective binding
of IgG to ganglion cells within the GCL. IgG is normally excluded from the retinal
interstitium and thus, as in the brain, can be used as an effective reporter molecule to
identify sites of increased BRB permeability. The effects of chronic binding of IgG
on ganglion cell functions are unknown. However, in our previous study that
investigated the effects of chronic DMHC on the cerebral cortex in these same pigs,
we demonstrated a selective and increased binding of IgG to neurons and
intraneuronal AB42 peptide deposition in the regions exhibiting a compromised BBB
(Acharya et al. 2013). In addition, in a separate study, binding of IgG to cortical
pyramidal neurons dramatically increased the accumulation of soluble, exogenous
AP42 peptide in adult mouse brain slice cultures (Nagele et al. 2011). These results
strongly suggest that the influx of IgG into the brain and retina enables its binding to
cell surfaces and promotes chronic endocytosis which, in the case of cortical
pyramidal neurons, has been linked to intracellular AP42 deposition, a feature
presumably contributing to AD pathogenesis and progression. In a similar manner,
this binding of IgG to ganglion cells may interfere with the normal function of their
cytoplasmic processes. Our data suggests a direct link between the influx of plasma
components such as IgG into the retina and the reduced thickness and increased cell
loss within individual retinal layers. The fact that Darapladib treatment not only

curtailed IgG influx into retinal layers but also stabilized the thickness of retinal
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layers and cell number further supports a causal link between plasma influx,

inflammation, and degenerative changes.

DM has been associated with activation of Miiller cells resulting in enhanced levels
of GFAP expression in the retina (Barber, Antonetti, and Gardner 2000, Lewis et al.
1988, Mizutani, Gerhardinger, and Lorenzi 1998, Rungger-Brandle, Dosso, and
Leuenberger 2000, Tuccari et al. 1986). To further validate the results obtained from
the use of the DMHC porcine model, we also looked for any early and telltale signs
of diabetic retinopathy such as gliosis (Barber, Antonetti, and Gardner 2000,
Mizutani, Gerhardinger, and Lorenzi 1998, Rungger-Brandle, Dosso, and
Leuenberger 2000, Tuccari et al. 1986). Increased GFAP expression is widely used
as a reliable biomarker of glial cell activation that usually occurs in response to injury
resulting from trauma, disease, inflammation or chemical insults (Eng, Ghirnikar, and
Lee 2000). In this present study, chronic DMHC was found to enhance gliosis in the
retina as evidenced by increased expression of GFAP by Miiller cells. Two types of
glial cells populate the mammalian retina: Miiller cells and astrocytes (Chang et al.
2007). The cell bodies of Miiller cells are positioned within the GCL, and their
cytoplasmic processes extend to the inner and outer limiting membranes of the retina
(Chang et al. 2007, Antonetti et al. 2006, Tuccari et al. 1986, Wilkinson-Berka 2004).
Astrocytes however are less abundant in the retina and form a single layer in the GCL
with close proximity to the inner limiting membrane (Antonetti et al. 2006, Lewis et
al. 1988, Wilkinson-Berka 2004). Under normal, healthy conditions in the retina,

GFAP is predominantly expressed by astrocytes, while Miiller cells rarely express it
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(Barber, Antonetti, and Gardner 2000, Rungger-Brandle, Dosso, and Leuenberger
2000). However, under conditions of DM or retinal injury as shown here, Miiller cells
become the dominant glial cell type expressing GFAP (Barber, Antonetti, and
Gardner 2000, Mizutani, Gerhardinger, and Lorenzi 1998, Rungger-Brandle, Dosso,
and Leuenberger 2000, Tuccari et al. 1986). This change hints at ongoing
pathological changes resulting from inflammation, oxidation, or degeneration in the
retina, possibly as a result of chronic DMHC (Fernandez-Robredo et al. 2005,
Goncalves et al. 2014, Yucel et al. 2005). Notably, as the retinas of Darapladib-
treated DMHC pigs demonstrated significantly lowered and limited expression of
GFAP, it is clear that Darapladib treatment can play a beneficial role in inhibiting or

alleviating DMHC-associated pathological changes in the retina.

The present study however has some limitations. First is the sample size in each
treatment group. Having additional animals in each treatment groups would have
definitely strengthened these observations. On that note, it is important to point out
the high cost associated with usage of swine as an animal model. On the other hand,
the data obtained from using pigs as our animal model allows us to draw more
translational implications to human pathology and treatment, since pig's anatomy are
closer to human compared to that of rodents. Additionally, pigs are also prone to
naturally acquired DM and obesity. Another limitation is the age of the animals that
were used in this study. By the time of euthanasia, the pigs used in the study were
about 13 months old. Therefore, this age is not comparable to the phases of life

afflicted with DM and AD typically seen in humans. The only reason for selection of
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younger pigs is to avoid aging associated comorbid changes on the vasculature.
Lastly, the accepted means by which DM is induced more resembles that of Type
IDM rather than Type 2. Obliteration of the B-cells of pancreas by injecting

Streptozotocin makes this animal similar to Type 1 DM.

Conclusion and perspectives

DM and HC have become common comorbid conditions in the adult and elderly
population (Fryar et al. 2010, Suh et al. 2010). Using a DMHC porcine model, we
have reported increased BBB permeability and intraneuronal AP42 peptide deposition
in the cerebral cortex (Acharya et al. 2013). These changes were reversed by
treatment with the LpPLA2 inhibitor, Darapladib (Acharya et al. 2013). In the present
study, we report increase in BRB permeability in the retinas of the same DMHC
animals, as well as a curtailment of BRB compromise upon Darapladib treatment. In
other words, similar effects from DMHC and Darapladib treatment were observed in
two separate, but functionally similar blood-tissue barriers. This raises the possibility
that detection of BRB compromise in the eye may be predictive of a similar
compromise of the BBB in the brain, thus providing diagnostic utility. But, the effect
of BRB permeability on retinal architecture and individual layers was poorly
investigated. Fluorescein angiograms have been routinely used by ophthalmologists
to access functional integrity of the BRB because of the ease and greater
predictability for early diagnosis of diabetic retinopathy. Using this technique, BRB
breakdown can be detected years ahead of clinical diagnosis of diabetic retinopathy

(Cunha-Vaz, Faria de Abreu, and Campos 1975). Since BBB and BRB are
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functionally similar, affected by similar stressors and are apparently compromised
years prior to the onset of their respective diseases, BRB integrity may prove useful
to gauge the overall health of the BBB in the brain. Thus, detecting aberrations in
BRB function may help in pre-symptomatic diagnosis of various neurodegenerative
diseases in which breakdown of the BBB is thought to be a key component, including
Alzheimer’s disease, Multiple Sclerosis, and Parkinson’s disease. Additionally, our
findings support the pursuit of therapeutic strategies aimed at fortifying BRB
integrity. Since chronic DMHC leads to significant reductions in the thickness of
some retinal layers as a result of cell loss, most notably involving the retinal ganglion
cells exhibiting the highest level of IgG labeling. As in the IgG-mediated
degenerative changes reported in the cerebral cortex of these animals (Acharya et al.
2013), we propose that chronic IgG binding to ganglion cells may facilitate their
death and removal from the ganglion cell layer, and thereby favor the development
diabetic retinopathy and/or aid in its progression. A similar scenario may be operating
in other ocular deposition diseases, such as age-related macular degeneration (AMD).
Since Darapladib has some anti-inflammatory properties and reduces BBB and BRB
permeability under conditions of chronic DMHC, this drug may have the beneficial

effect in preventing or slowing down progression of diabetic retinopathy and AMD.
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Chapter V

Neuron-binding autoantibodies facilitate amyloid-B,.4; internalization and

contribute to amyloid plaque formation in Alzheimer’s disease pathogenesis
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ABSTRACT

Aging related neurocognitive disorders such as Alzheimer’s disease (AD) are poorly
understood from a pathogenic or mechanistic standpoint. However, current literature
is directing more attention to the cerebrovasculature that nourishes the brain,
especially in the regions related to memory and higher-order cognition. Inherent in
the brain vasculature is the blood-brain barrier (BBB), and perturbations in its
functional integrity have been noted in aging and in AD, causing influx of plasma
components like amyloid proteins and antibodies from the blood. In an effort to
better elucidate the consequences of a breached BBB, human AD brain sections were
stained with antibodies for amyloid-f;.42 (AB42), immunoglobulin (Ig) -M, -G, -E, and
-A, neuronal surface receptors and proteins like GIuR -2/3 and -6/7, a7nAChR, Glutl,
and Map2. Detection of these proteins in perivascular leak clouds and within vesicles
in neuronal and glial cells suggests that they are internalized by chronic endocytosis.
This was further confirmed by documentation of the vast expansion of the lysosomal
compartment using cathepsin D as a lysosome-specific biomarker. We show that
APB4, and neuron-binding autoantibodies can induce endocytosis independently,
however their synergistic action within neurons is a novel hypothesis that can readily
account for the observed dramatic increase in amyloid-burdened neurons that is
typical for AD pathology. To test this novel hypothesis for AP4, endocytosis, a cell
culture model system was developed using a neuroblastoma cell line that can be
stimulated to undergo a neuron-like differentiation in which they take on a number of

characteristics of neurons typically found in vivo. These features exhibit a neuronal
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morphology, which includes the extension of neurites (axon- and dendrite-like
processes) and establish synaptic-appearing connections with neighboring cells.
When differentiated cells were treated with physiologic concentrations of Af4;, the
baseline levels of A4, internalization were measured at various time points over a
period of 72 hours. We then examined the effects of serum from the following
subjects on the rate and amount of A4, internalization: young-aged non-demented
control, old-aged non-demented control, and old-age matched AD patient. Results
showed that internalization of A4 was enhanced in all cases of serum
supplementation, and the rate and extent was directly proportional to the neuron-
binding capacity of autoantibodies present in each serum sample tested. Taken
together, this work supports the idea that the presence of brain-reactive autoantibodies
in the serum along with transient or chronic blood-brain barrier breakdown act
synergistically to drive a key pathological feature of early-stage AD, that is, excessive
intraneuronal accumulation of A4, which accelerates and propagates AD

progression.
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INTRODUCTION

Brain homeostasis can be affected in a number of ways that lead to gross anatomical,
cellular, and molecular disturbances in the regions affected. Subsequent neurological,
cognitive, and behavioral symptoms are manifest and constitute an array of diseases,
including AD. Unfortunately, the mechanistic pathoetiology of AD that culminates in
its hallmark features of cerebral amyloid plaque buildup and neuronal death is still
disputed. Widely accepted amongst experts in the field, however, is the observation
that AD is inextricably linked to aging. In fact, for every five year age bracket above
65, the prevalence of AD doubles, such that up to 50% of those currently 85 years and

older have clinically diagnosed AD(Association 2015, Hebert et al. 2013).

Given the pervasiveness and attention that AD has received, coupled with a
concerning lack of consensus over long-standing paradigms regarding AD’s
pathoetiology, a new look from a treatment standpoint may be warranted. In fact,
disheartening and unforutnate estimates show a 99.6% failure rate for AD drugs in
clinical trials(Cummings JL 2014). In light of this, the field as a whole is in desperate
need of a breakthrough, and serious attention to novel potential drug targets may
provide new opportunities for successful therapeutic intervention. One promising and
accessible target that has thus far received little attention is the brain vasculature,

including the blood-brain barrier (BBB).
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Cerebrovascular disease is a general term most often used to describe the
consequences of an unhealthy and abnormally functioning brain vasculature.
Typically, during the transit of blood through the brain vasculature, what leaves the
blood and enters into the brain parenchyma is stringently regulated by the BBB, with
a relatively small subset of biomolecules being exchanged between brain cells and
blood via specialized receptors and transporters (Snyder et al. 2015, Zlokovic 2011).
This helps to maintain overall brain homeostasis as well as electrochemical balances
that are crucial for normal functioning of neuronal circuitry. Failure to properly
control or regulate this exchange, as in instances of local vascular inflammation,
atherosclerosis, hemorrhages, or infarctions can lead to an indiscriminant leakage of
blood components, including a diverse array of proteins, metabolic byproducts, and
sometimes pathogens, into the brain tissue. The BBB is tasked with carefully
regulating which blood components enter into the immunoprivileged brain tissue
(Abbott et al. 2010, Zlokovic 2008). As in AD, there is a rapidly growing body of
evidence implicating a dysfunctional BBB as responsible, at least in part, for many
conditions, including epilepsy, multiple sclerosis, Parkinson’s disease, depression,
and schizophrenia (Sui et al. 2014, Michalak et al. 2012, Dahm et al. 2014, Hammer

et al. 2014, Ortiz et al. 2014, Patel and Frey 2015).

Previous research efforts have been dedicated to characterizing the pathway of how
extracellular amyloid-B;.42 (AP42), the 42 amino acid product of amyloid precursor
protein cleavage and major pathological component of amyloid plaques (APs), enters

the neuron as well as elucidating its fate once inside. Curiously, the AD pathology is
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often localized in the early stages to regions of the brain associated with learning and
memory formation, structures housed in the hippocampus, entorhinal cortex, and
other surrounding cortical areas. Treatments had previously been directed towards
enhancing cholinergic systems, as AD has been shown to primarily affect these areas.
In support of this preference, Wang and colleagues showed that AB4, binds with
greatest affinity to the a7 subtype of nicotinic acetylcholine receptors (a7nAChR) on
the neuronal surfaces (Wang et al. 2000). His later work with Nagele and colleagues
demonstrated that when a7nAChR-transfected neuroblastoma cells are incubated with
human A4, they subsequently internalize the receptor-APs; complex and begin
accumulating insoluble A4, (Nagele et al. 2002). Nearly a decade later the role of
effects of serum on these neurons was tested in mouse brain organotypic cultures, and
it was shown that serum in conjunction with AP4, has a synergistic effect on
increasing the internalization and accumulation of insoluble, non-degradable,

fibrillized amyloid aggregates (Nagele, Clifford, et al. 2011).

Synaptic degeneration and APs are well-known to riddle the brain of an Alzheimer’s
patient on autopsy, and their extent and number is inversely proportional to the
number of surviving neurons present (D'Andrea 2001). The origin and pathogenesis
of amyloid plaques is highly contested amongst leaders in the field. Previous work
has shown the presence of extravasated plasma components such as immunoglobulin
(Ig) G and A4, in the cerebral cortex and other brain regions implicated in AD
(Nagele et al. 2013, Nagele, Clifford, et al. 2011). IgG and APs, are found

ubiquitously in the blood, and are readily detected and observed emanating radially
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from leaky blood vessels in the brain and binding to neurons in their vicinity (Clifford
et al. 2007, D'Andrea 2001). Taken together, these observations suggest that the
amyloid plaques are derived from the lysis of neurons, which had accumulated A4,
as it escaped from the general circulation and entered into the brain via a defective
blood-brain barrier. Like the binding of Ig to a surface protein, AB4; binding to the
surface of a neuron can induce endocytosis as well. By coupling these two events
together, synergistic endocytic effects may occur, and thereby over-burden neurons
exposed to both blood components, ABs; and IgG. Once within the brain
parenchyma, these proteins selectively bind to similar, often identical, neurons,
distributed throughout the brain, but especially in regions of AD pathology (Nagele,

Clifford, et al. 2011).

Both events (that is, AP4, or Ig binding to neurons) independently may lead to
neuronal endocytosis of extracellular amyloid, however the mechanism by which this
occurs when coupled together remains to be deciphered, and could shed light on an
important mechanisms relating to the pathogenesis of AD, with far-reaching
implications. To the extent that AD has been described, the mechanism of AP
formation remains unresolved despite their presence being strongly correlated with
synaptic degeneration and the eventual disease phenotype. The overall goal of this
study is to elucidate the pathogenic consequences at the cellular level that are driven
by a compromised cerebrovasculature, particularly the events leading to neuronal

dysfunction and death, and AP formation and development.
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Here, we present data that links the observations on human brain AD sections to a cell
culture model that assesses the consequence of BBB compromise. Upon leakage of
soluble blood proteins like Ig and A4, into the brain parenchyma, we demonstrate
their labeling of neuronal surface proteins as well as APs. The presence of neuron-
binding antibodies (i.e. autoantibodies; aAbs) in the blood that can bind to neurons
provides a route by which AB4; can enter the neuron via chronic endocytosis, leading
to their entry into the lysosomal complex, where it is fibrillized and thus rendered
insoluble and non-degradable, as is seen on AD brain autopsy. This process is not
unique to IgG, the most robust and abundant of the immunoglobulins found in the
blood, and was shown to occur in other subtypes as well, including Ig -M, -E, and -A.
The localization of immunoglobulins within intracellular vesicles along with other
neuronal surface proteins suggests that the neuron also internalizes various surface
receptor proteins that are bound to neuron-binding aAbs, likely as a removal process

that clears cross-linked (and now nonfunctional) proteins from the surface.

We propose that neuron-binding aAbs can trigger antibody (or rather, aAb)-mediated
endocytosis, and that AP, bound to cell surfaces can enter the cell passively this way,
furthering neuronal damage and homeostatic imbalances. Lysosomal compartment
expansion would confirm this novel hypothesis. To explore this model, SH-SY5Y
cells were used as a cell culture model system. Upon induction of neuronal
differentiation, these cells were able to react to aAbs present in the blood of human
samples irrespective of age or the presence of disease in these subjects. Coincident

with this binding, A4, entry and accumulation in these cells was enhanced. A more
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precise mechanism of aAb-mediated endocytosis will be needed to elucidate the inner
workings of this process, however the far-reaching impact of such a discovery
warrants much attention as a means by which extracellular ABs, accumulates in
neurons and facilitates AP formation in the context of AD. Furthermore, these results
provide validation for new line of therapeutics aimed primarily at addressing the
functionality of a BBB, as the compromised BBB is a pre-requisite factor that

initiates the downstream events discussed here.
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EXPERIMENTAL PROCEDURE

Human brain sections

Standardized protocol was followed for immunohistochemistry (IHC) experiments
and techniques related to its procedure, as previously established (Nagele, Clifford, et
al. 2011). In brief, paraffin-embedded human tissues were deparaffinized using
xylene and rehydrated through a graded series of decreasing concentrations of
ethanol. Antigenicity was then enhanced by microwaving sections in citrate buffer.
Endogenous peroxidase was quenched by treating sections with 0.3% H,O, for 30
minutes. Sections were incubated in blocking serum and then treated with primary
antibodies at appropriate dilutions for one hour at room temperature. To detect
endogenous IgG (and other Ig classes), biotinylated anti-human IgG was used as the
primary antibody, and a traditional secondary antibody treatment is foregone. After a
thorough rinse in PBS, biotin-labeled secondary antibody was applied for 30 minutes.
Sections were treated with avidin-peroxidase complex and visualized with DAB.
Sections were lightly counterstained with hematoxylin, dehydrated through increasing
concentrations of ethanol, cleared in xylene, and mounted in Permount. Controls
consist of brain sections treated with non-immune serum or omission of the primary
antibody.  Specimens were examined and photographed with a Nikon FXA
microscope, and digital images were analyzed using NIS-Elements Imaging Software

(Nikon Instruments Inc. USA).

Cell culture experiments
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For immunocytochemistry experiments, and aAb and amyloid binding and
internalization experiments, SH-SY5Y cells were used. They are an established cell
line that can be grown in 10% Fetal Bovine Serum (FBS) in Dulbecco’s Minimal
Essential Medium (DMEM)/F12 media. Complete media was changed every three
days, and cells were split weekly at 80% confluence. These cells can be
differentiated after being split into 35mm glass-bottom dishes once they have
achieved 60% confluence using 10uM retinoic acid and 0.2% FBS in DMEM/F12
media. Upon differentiation for three days, cells begin to sprout neuron-like
processes and establish connections with neurons in the vicinity, at roughly 70%
confluence. At this point, they can be assayed using standard immunocytochemistry
protocols previously described for neuronal markers of differentiation and surface

proteins (Nagele et al. 2002).

In brief, cultures were washed in cation-free Hanks Buffered Salt Solution (HBSS)
(without calcium or magnesium) three times, and then fixed in 4% paraformaldehyde
(PFA). If the cell surface membrane was to be stripped for internalization assays,
three acid washes (0.1M Glycine, pH 2.5) of two minutes each were performed at this
point, followed by two more HBSS washes to remove any residual acid prior to
fixation. Some cultures were treated with 100nM fluorescein isothiocyanate (FITC)-
labeled A4, (physiologic concentration) for time points ranging from 30 minutes to
72 hours. Other dishes were treated with AP4,; and human serum obtained from
young-aged non-demented control (YC), old-aged non-demented control (OC), and

Alzheimer’s disease patient blood (AD) at 1:50 dilutions in serum-free media. After
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fixation, cells were blocked in 3% BSA (in PBS-T or PBS depending on the assay
being performed) and then probed with primary antibody overnight at 4°C or
secondary antibodies for one hour at room temperature covered from the light. For
human serum containing IgG, anti-human IgG (Sigma laboratories) conjugated to an
Alexa-fluor 594 fluorophore was used, in contrast to the FITC-labeled AB4,. Nuclei
were counterstained with Hoechst. Nikon Confocal microscopy equipped with
epifluorescence was used to capture images and NIS-Elements software to perform

image analysis and quantification of signal intensities.

Analysis

Immunohistochemistry experiments of human brain tissue were used for qualitative
and observational purposes only. Unpublished work was performed, however,
measuring the extent and size of lysosomal vesicles and overall compartment space as
a proportion of the neuron using a macros program written for ImageJ software
(Rasband 1997-2015). For immunocytochemistry experiments, images captured
using Nikon Confocal microscopy NIS-Elements software was used to outline cells
manually as a “Region of Interest” (ROI). Approximately ten random images were
taken per experiment (i.e. individual dish), and only fully enclosed cells within the
60x field were outlined. Each experiment had roughly counted 80 cells, and then the
software was able to determine the fluorescence signal intensity within the ROI,
making sure not to include saturating amounts of signal during the establishment of
image parameter acquisition. After exporting this data to excel, the summed signal

intensity for the FITC (green) channel (AP4, was FITC-labeled) was divided by the
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pixel count (area) of the ROI to determine the signal intensity (FITC-AB42) per unit
area (cell). The summed fluorescence intensity is the most well recognized surrogate
measurement used to establish relative protein amount. By stripping the surface
membrane off the cells using established protocol (0.1M Glycine acid wash), all
signal intensity retrieved therefore represented internalized FITC-AP4, protein. For
experiments aimed at addressing surface bound proteins, no such acid wash was
performed, nor was any detergents used throughout the immunocytochemistry

procedure.

Statistics

Experiments were done in triplicate and blinded, so as to limit bias and improve
reproducibility. Once data was compiled, graphical representations were constructed
using a two-tailed Student's #-test, and a p-value < 0.05 was considered statistically
significant: *, p<0.05; **, p<0.01; *** p<0.001). Variation within each treatment
group was represented by standard deviations of the mean (SEM). Acquisition
parameters were determined by the user at the beginning of each experiment and were

kept identical for all other images of a given experiment.
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RESULTS

A compromised BBB allows an influx of Af4; peptide into the brain parenchyma,
which subsequently binds to pyramidal neurons prior to lysis and amyloid plaque
formation in AD brains.

Alzheimer’s disease (AD) brain sections show pathologic changes suggesting
cerebrovascular and blood-brain barrier (BBB) dysfunction prior to amyloid plaque
formation. A4, is often observed extravasating from a leaky BBB, subsequently
binding to the surfaces of pyramidal neurons, followed by internalization in these
cells in AD brains (fig. 1). Cortical amyloid plaques, with the characteristic dense
core, are visualized using antibodies to amyloid-B;4> (AP4;) and are a hallmark
feature of AD brains on autopsy (fig. 1A). Intraneuronal APy, is also seen in neurons
apparently on the verge of lysis, which then contributes to amyloid plaque’s growth
and development. Sections through the microvasculature within the AD brain cortex
often reveal the presence of leak clouds, representing sites of plasma leak into the
brain parenchyma. Commonly, A4 is observed bound to the surfaces of neurons in
the vicinity of these damaged blood vessel (fig. 1B-C). Soluble, AB4, can be detected
as a perivascular leak cloud, emanating radially from the point of damage along the
BBB of the vessel. Furthermore, some neurons in the vicinity of these leaks exhibit
intracellular AP, loading. The negative control shows the minimal background noise
of the antibody stain used (fig. 1D). Lastly, sections of cerebral cortex from age-
matched non-demented control brains stained with antibody to AP4, often shows the

nuclear/peri-nuclear localization of the protein, with little intracellular deposits as
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seen in AD brains (fig. 1E). Moreover, a scarcity of amyloid plaques in control

brains is also found in these sections.

Immunoglobulins -M, -A, -G, and -E leak out of a damaged BBB and demonstrate
neuron- and glia-binding capabilities.

The presence of neuron-binding autoantibodies (aAbs) in the serum is now widely
recognized across many fields of neuroscience, and their presence in AD serum has
been gaining attention as well. We next asked which classes of immunoglobulin are
able to leak into the brain parenchyma from brain blood vessels upon BBB functional
compromise in the cerebral cortex of AD patients (fig. 2). The consequence of an
antibody binding to the surface of a cell and inducing endocytosis is not novel;
however, in this context it does give rise to a completely new mechanism of how
A4, may enter the neuron that fits well with the hypothesis proposed here. We used
appropriate and specific secondary antibodies to probe sections of human brain to
detect the presence of the following Igs in the brain parenchyma (extravascular brain

tissue): IgM, IgA, IgG, IgE (figs 2A-D).

Endogenous Ig immunoreactivity varied in these brain sections, with IgM reactivity
primarily in glia/astrocytes and IgG, IgA, and IgE mostly associated with neurons.
Pan Ig, which reacts to IgM, IgA, and IgG simultaneously, generated the most heavily
labeled perivascular leak clouds, as expected, compared to the other individual
immunoglobulin types. Negative control sections revealed minimal background noise

when no secondary antibody was added. These findings confirm that all Ig species
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present in the serum readily penetrate the compromised BBB and thereby gain access
to the brain parenchyma, and that each Ig type can be detected within leak clouds that
are morphologically comparable to those revealed by A4 immunostaining.
Interestingly, the fact that neurons and glia both bind Ig, but show differential
binding, suggest that each of these cell types has its own unique surface antigens that
are immunoreactive to blood-borne, brain-reactive aAbs.  Furthermore, we show
intracellularly localized deposits of Ig as well as the presence of Igs within amyloid
plaques (fig. 2B-C) strongly suggesting that these aAbs accumulate gradually within
neurons and are later released along with accumulated, fibrillized AP4; and other

cellular proteins upon neuronal lysis.

Lysosomal compartment expansion in AD brains reflects chronic endocytosis of
indigestible A ;.

An expectation is that chronic internalization and accumulation of AB4, should result
in a pronounced expansion of the lysosomal compartment. To test for this in human
AD brain, we used cathepsin D (CathD), an enzyme confined to the lysosomal
compartment, as a biomarker for lysosomes. IHC with cathepsin D-specific antibody
revealed a vast expansion of the lysosomal compartment in neurons in regions of AD-
pathology, clearly reflecting the accumulation of indigestible A4, aggregates as they
are trafficked through endocytosis to their final site of deposition within lysosomes
(fig. 3). In neurons in the AD brain cerebral cortex, CathD was localized to the
neuronal perikaryon (fig. 3A). Higher magnification images of pyramidal neurons in

the cortex of an AD brain, the cells known to be most vulnerable to excessive ABa4
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accumulation and cell death, show the vast expansion of the lysosomal compartment
located in the perinuclear region, often displacing the nucleus within the cell body. In
favorable sections and tissues showing good preservation, individual lysosomal
vesicles can sometimes be seen aggregating in the proximal segments of major
dendritic trunks extending from the cell body, reflecting an over-burdened waste
disposal pathway, and encroachment on the limited space capacity of the neuron
cytoplasm. When cells were tested for the presence of other surface receptors, the
lysosomal compartment is similarly seen having undergone expansive changes, likely
reflecting the chronic endocytic events occurring to these proteins as well (fig 3B).
One example of such a surface protein is the a7nAChR which, in IHC preparations, is
seen to also accumulate in the perinuclear region and to co-localize within the
lysosomal compartment as well, apparently reflecting the consequence of its rampant

endocytosis.

Figure 3C shows a consecutive histological section stained for a ubiquitous surface
protein (a7nAChR; top) and lysosome (CathD; bottom) to visualize similar staining
in the vicinity of a blood vessel, perhaps alluding to a leak phenomenon occurring,
resulting in endocytosis of plasma components. In consecutive sections stained for a
ubiquitous surface protein as well as CathD, the similar localizations suggest a
coalescence of the surface protein within the lysosomal compartment (fig. 3C), likely
reflecting the destination of the endocytic route by which surface proteins are
internalized with the cellular intent of degradation. In age-matched, non-demented

control brains, CathD immunostaining reveals the expected vesicular structures that
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account for baseline levels of lysosomal functionality occurring through normal
protein turnover and aging (fig. 3D). Note that in CathD staining of control brain
slices, the lysosomal compartments of neurons are more evenly dispersed in the cell
body, and vesicles are not accumulated or coalesced (packed) to the extent seen in
these same cells in AD brains. Within the lysosomal compartment, A4, is believed
to self-assemble into non-degradable fibrils, accumulating in the cell body and
encroaching on the entrance into axonal processes as it grows in mass. These images
further support the idea that, upon chronic endocytosis of exogenously supplied A4,
(that is from the periphery through a compromised BBB) and aAb binding (which
induces endocytosis), the affected neuron undergoes vast lysosomal expansion in an

attempt to likely rid the cell surface of bound protein.

The presence of internalized neuronal surface proteins supports a global “receptor-
stripping” phenomenon as a consequence of aAb and Af4; binding and endocytosis.
We next asked if the chronic induction of endocytosis via aAb binding also causes the
internalization of other cell surface proteins as passive passengers, a phenomenon we
have called “receptor-stripping”. To resolve this, we used IHC and commercially
available antibodies specific for several well-known and abundant neuronal cell
surface proteins. Internalized distributions of several surface receptors were seen
within neurons in the brain of AD patients. Neuronal cell surface markers such as
glutamate receptors GluR2/3 (fig. 4A) and GluR6/7 (fig. 4B), a7nAChR (fig. 4C),
and glucose transporter Glutl (fig. 4D) were detected and imaged to determine their

cellular distribution, along with another abundant intracellular neuronal protein,
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Map2 (fig. 4E). Results show clearly that many of these neuronal cell surface
proteins are detectable within the lysosomal complex, suggesting that chronic Af4;
and aAb binding to the surface may secondarily cause an equally devastating effect of
the functional integrity of the neuronal cell surface caused by global “receptor
stripping”. The Map2 stain however, being an intracellular protein used as a marker
of neuronal differentiation, is observed undergoing retrograde vesicular traffic back
towards the cell body, presumably from degenerative synaptic changes and dendritic

collapse as a result of similar events.

Differentiated cells in culture, unlike their non-differentiated counterparts, exhibit
aAb reactivity to human serum, as well as increased A, internalization over time.

A cell culture model system was established to test the hypothesis that APa,
internalization is enhanced in local neurons following BBB breakdown. In an attempt
to recapitulate in vivo conditions, SH-SY5Y neuroblastoma cells were induced to
differentiate using retinoic acid, a response highlighted by a change in cell shape
more resembling neurons and the extension of axon- and dendrite-like cellular
processes. Interestingly, the non-differentiated cells did not display significant aAb
reactivity compared to the differentiated ones (fig. 5). Representative micrographs
accurately reflecting this observation are shown (fig. 5A), which includes bright field
images of live cells in culture (top panels) and fixed cells treated with human serum
(bottom panels). Cells in the non-differentiated dish (left) contrasted with those in the
differentiated dish (right) in many of the markers used to distinguish successfully

differentiated cell types. The differentiated cells contain axonal processes that
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interact with processes of adjacent cells (exhibiting synaptic-like formations), as well
as a flattened and small cell body compared to the rest of the elongated cell
morphology. Figure 5B shows the amount of aAb reactivity as a function of
fluorescence intensity, confirming that differentiated cells contain the appropriate
cognate receptor targeted by aAbs present in human serum. Serum samples tested
were from young-aged non-demented control (YC), old-aged non-demented control

(OC), and old-aged matched Alzheimer’s disease patient.

Next, differentiated and non-differentiated cells were assayed for baseline A4
internalization over time. From previous results, 3 hours was enough time to observe
measureable changes in AP, internalization. Representative micrographs showing
cells at each time point revealed that differentiated cells, like their non-differentiated
counterparts, exhibited internalized A4, and the extent of AP4 accumulation was
directly proportional to the time elapsed (fig. 6A). Quantitative assessments of AP
accumulation under these conditions support what is shown in the images, and
furthermore indicates that that the model system being used displays AP4; and aAb
binding, similar to the results obtained in human AD brain, and that both of these

events independently induce endocytosis.

Apy> internalization is enhanced in the presence of serum containing neuron-
binding aAbs directed at neuronal surface proteins.
ABs4, internalization was enhanced when co-administered with human serum

containing autoantibodies that target neuronal surface proteins. When differentiated
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SH-SYSY cells were treated in culture with physiologic AB4, concentrations in the
presence of human serum, the extent of amyloid burdening was enhanced over time
(fig. 7A). Cells were first induced to differentiate as described above, treated for 3- to
72-hrs with 100nM fluorescein isothiocyanate (FITC)-labeled AP4,, and then assayed
to determine the relative amount of internalized AP4. Figure 7 shows the
internalized A4, in these cells over the time points, as graphed according to signal
intensity of the FITC channel (AB4;). Quantification of baseline AP, internalization
(left) and the effects of co-treatment with human serum containing neuron-reactive
aAbs (right) are shown. (B) Irrespective of age or disease state, serum obtained from
young control (YC), old control (OC), or Alzheimer’s disease (AD) patients
demonstrate an enhancement of A4, internalization. When IgG was purified, which
contains antibody and aAb fractions, from AD serum and treated similarly, there was
no significant difference in the enhanced extent of A4, internalization. These results
indicate that internalization of A4, was enhanced when co-administered with serum
containing neuron-binding aAbs, and that these aAbs are in fact the causative agents.
Indeed, these findings suggest that upon BBB breakdown, A4, and aAbs leak into
the brain parenchyma, both of which induce endocytosis, however the extent is

greater in the presence of aAbs.
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FIGURES

Fig 1. AP, extravasation from a leaky BBB subsequently binds pyramidal
neurons and undergoes internalization, and is enhanced in AD brains.
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Figure 1: A4 extravasation from a leaky BBB subsequently binds
pyramidal neurons and undergoes internalization, and is enhanced in AD
brains.

Alzheimer’s disease (AD) brain sections show pathologic changes suggesting
cerebrovascular and blood-brain barrier (BBB) dysfunction prior to amyloid
plaque formation. A) Cortical amyloid plaques are visualized using
antibodies to amyloid-B;.4> (APs2), a hallmark feature of AD brains on
autopsy. Intraneuronal A4, is also seen in a neuron seemingly on the verge
of lysis, which will then contribute to the plaque’s growth and development.
B) and C) Sections through AD brain cortex show the orientation of a small
blood vessel observed from the side, in a longitudinal cut, with the plasma
leak cloud emanating radially in all cases. Neurons in the vicinity are shown
with intracellular AP4, loading. D) Low magnification image of a similar AD
brain section serving as the negative control for the immunohistochemistry
experiments in which Af4, antibody was omitted. E) Age-matched non-
demented control brain section through cortex stained with antibody to Afa4;
shows the nuclear localization of the protein, with little intracellular deposits
as seen in AD brain. No amyloid plaques are present.

APy = amyloid-B;.42; ctrl = control; (-) ctrl = negative control; AP = amyloid
plaque; red arrow = intraneuronal amyloid; red dashed circle = amyloid
plaque; green dashed circle = perivascular leak cloud; LC = leak cloud; BV =

blood vessel
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Fig 2. Immunoglobulins leak from points of damaged BBB, and
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Figure 2: Immunoglobulins leak from points of damaged BBB, and
display selectivity and specificity to cell types, varying with class type.
Binding of different Ig classes, also leaking from blood vessels with a
dysfunctional BBB, were assayed for IgM (A), IgA (B), IgG (C), and IgE (D),
Pan Ig (E). Omission of secondary antibody served as a negative control (F).
Endogenous Ig varied in reactivity to glia/astrocyte surface protein (IgM, Pan
Ig) or neurons (IgG, IgE).

Ig = immunoglobulin; red arrow = Ig-positive cell (neuron/astrocyte); red
arrowhead = Ig-negative cell (neuron/astrocyte); red dashed circle = amyloid

plaque (visualized Ig antibody); green dashed circle = perivascular leak cloud.

194



Fig 3. Lysosomal compartment expansion is noted in neurons
in AD brains, reflecting chronic endocytosis of insoluble AB.;.
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Figure 3: Lysosomal compartment expansion is noted in neurons in AD
brains, reflecting chronic endocytosis of insoluble A4;.

Cathepsin D (CathD), a marker for the lysosomal compartment, is shown to
vastly expand in regions of AD-pathology, representing the accumulation of
indigestible AP4, aggregates as they are trafficked through endocytosis. (A)
CathD immunoreactivity in neurons populating the cerebral cortex of AD
brains expands in the cell body. CathD-positive vesicles can be seen
trafficking retrograde down the main dendrite trunk towards the perinuclear
lysosomal compartment. (B) Surface protein represented by a7nAChR is seen
accumulating in the perinuclear region, likely co-localized within the
lysosomal compartment as well, reflecting the consequence of rampant
endocytosis. (C) A consecutive section is stained for a ubiquitous surface
protein (a7nAChR; top) expressed in pyramidal neurons and lysosome
(CathD; bottom) to visualize similar staining in the vicinity of a blood vessel,
alluding to the presence of a local leak in the BBB, resulting in endocytosis of
plasma components. Age-matched non-demented control brain cortical slices
immunostained for lysosomes (D) show the baseline levels of CathD-positive
vesicles representing the normal amount and distribution of the lysosomal
compartment. Note that with the CathD stain in the control brain slices, the
lysosomal compartments are more evenly dispersed in the cell body, and
vesicles are not accumulated or coalesced to the extent of that seen in AD
brain sections. The AP4, becomes fibrillized in the lysosomal compartment
and is rendered indigestible, accumulating in the cell body and encroaching on
axonal processes as it grows in mass.

CathD = Cathepsin D (lysosomal marker); a7nAChR = alpha7 nicotinic

acetylcholine receptor (surface receptor).
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Figure 4: Internalized neuronal surface proteins are seen in the AD
brains.

Normally abundant neuronal cell surface marker proteins such as glutamate
receptors GluR2/3 (A) and GIuR6/7 (B), a7nAChR (C), and glucose
transporter Glutl (D) in AD brains were detected with IHC and imaged to
determine their cellular distribution, as well as an intracellular protein, Map2
(E). In all cases, the localization patterns of these proteins appeared to
coincide with that of the lysosome compartment. This common localization
pattern is likely to reflect the consequence of chronic AB4; and Ig binding to
the neuronal surface, giving rise to the receptor-stripping phenomenon.
Map2, however, being an intracellular protein used as a marker of neuronal
differentiation, was observed undergoing retrograde vesicular traffic back
towards the cell body, presumably from degenerative synaptic changes and

dendritic collapse as a result of similar events.
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Fig 5. Autoantibody reactivity occurs in the diffesentiated
SH-SYSY cell line compeared to the non-differentiated state.
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Figure 5: Autoantibody reactivity occurs in the differentiated SH-SYSY
cell line compared to the non-differentiated state.

The cell culture model established using SH-SY5Y human neuroblastoma cell
line displays human autoantibody reactivity in the differentiated state. (A)
Representative  micrographs from SH-SYS5Y  immunocytochemistry
experiments showing that autoantibodies present in human serum from young-
age non-demented control (YC), old-age non-demented control (OC), and old-
age matched Alzheimer’s disease (AD) patient blood are largely non-reactive
to undifferentiated cells, but do display binding abilities in the differentiated
neuroblastoma cell. (B) Graphical representation of the phenomenon by

quantifying signal intensity.
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Fig 6. Differentiated cells increase A, internalization over time.
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Figure 6: Differentiated cells increase Af4; internalization over time.

To more faithfully recapitulate in vivo brain physiology, SH-SYS5Y cells were
differentiated before they were treated with ABs,. 3 hours was determined to
be sufficient to detect appreciable A4, internalization rates.  (A)
Representative micrographs of time points and cell states showing that
differentiated cells, like their non-differentiated counterparts, exhibited A4,
intraneuronally, and the extent was directly proportional to the time points

observed. (B) Graphical representation of the observed internalized ABq;.
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Fig 7. APs; internalization was enhanced in the presence of serum with
autoantibodies directed at surface proteins.
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Figure 7: AB4; internalization was enhanced when co-administered with
human serum containing autoantibodies directed to surface proteins.

When differentiated SH-SYSY cells were treated in culture with physiologic
A4, concentrations in the presence of human serum, amyloid burdening was
enhanced over time. (A) Cells were differentiated and then treated for 3- to
72-hrs with 100nM fluorescein isothiocyanate (FITC)-AB4; and then assayed
for internalized Ap4,.  Graphical representations show baseline A4
internalization over time (left) and upon supplementation with human serum
containing neuron-binding aAbs (right). The A4, internalization was in fact
enhanced when given in conjunction with human serum containing neuron-
binding aAb targets. Indeed, these findings suggest that upon BBB
breakdown, APs, and aAbs leak into the brain parenchyma, both of which
induce endocytosis, however the extent is greater in the presence of aAbs. (B)
Irrespective of age or disease, aAb presence can induce internalization of
AB4. By purifying the IgG portion of AD serum and treating cells with the
antibody fraction only, there is no significant difference in the extent of APa4»

internalization enhancement.
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DISCUSSION

Brain homeostasis is of vital importance to cognitive functioning. Cerebral tissue is
highly sensitive to noxious conditions, and as such, the vascular integrity is essential
to optimize the array of neuronal, and non-neuronal, activities day-to-day. The
importance of the BBB function is thought to lie in the access that would otherwise
be granted to blood-borne pathogens, if compromised. Similarly, the immune system
is kept separated from the central nervous system (CNS) by the same structural
impediment. The integrity of the BBB is important in not only maintaining an
optimal microenvironment for cells of the CNS to live and function in, but also in the
prevention of a wide array of disease processes. A gamut of neurodegenerative
conditions is known to have a degree of BBB breach, and the subsequent pathological
manifestations that define the disease processes can be measurably debilitating. Just
as important as it is for the BBB to stringently control what enters the CNS, it is
equally critical that cellular debris and metabolic waste products be shuttled out of the
brain parenchyma. If left to accumulate, the glial and neuronal attempts to rid the
CSF of such debris by endocytosis would be quickly overwhelmed. This includes
APz, which, if in high enough concentrations, would be fibrillized and rendered non-
digestible within the lysosomal compartments of these cells. Eventually, the
amyloid-burdened neurons would become overly taxed and undergo lysis, thereby
releasing their cellular contents, including aggregated amyloid fibrils, as a cloud of

fibrils currently referred to as an amyloid plaque (AP).
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Diseases that have classically been linked to autoantibody (aAb)-mediated
internalization of surface proteins have described the process in the context of
multiple sclerosis, myasthenia gravis, anti-NMDAR encephalitis, schizophrenia, and
others.  Generally, however, these diseases do not account for the neuronal
accumulation of a protein aggregate as well. Based on examination of human brain
sections stained for ABs, and Ig -M, -G, -A, and -E, it is clear that leakage of
peripheral blood components commonly occurs, presumably at areas of BBB
breakdown. The effects of the surface-binding capability of all of these aAbs can
compound the consequence of this indiscriminant leakage. We demonstrate that these
phenomena occur coincidentally and may augment the effect each may have on
endocytosis alone. However, given the nature of Af4, to aggregate at high enough
concentration in low pH such as within the lysosomal compartment, these
observations enable us to propose the novel mechanism by which internalization of

AP, may be enhanced to toxic levels within the cell.

In an effort to study the consequences of BBB disruption leading to AP4; and aAb
binding, a cell culture model was established using the human neuroblastoma cell
line, SH-SY5Y. These cells were differentiated and found to bind aAbs present in
human serum. The identity of these aAbs is not known, however they have been the
focus of intense efforts using microarray technologies to further categorize the IgG
aAbs present in serum of all individuals, especially for diagnostic purposes (Han et al.
2012, Nagele, Han, et al. 2011, Nagele et al. 2013, DeMarshall et al. 2015). By

acknowledging that both events (that is APs4; and aAb binding to neurons and
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induction of endocytosis) occur after BBB breakdown, then a novel hypothesis can be
tested as to determining the origin of APs. Lastly, these findings support the use of
therapies that target the BBB, and vascular health in general, both now thought to be

major players in AD initiation and progression.
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Neuron-binding autoantibodies and amyloid plaques

Figure 1. RGN and MK stained tissue, ELG imaged and analyzed.

Figure 2. RGN and MK stained tissue, ELG imaged and analyzed.

Figure 3. RGN and MK stained tissue, ELG imaged and analyzed.

Figure 4. RGN and MK stained tissue, ELG imaged and analyzed.
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Figure 5. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data. HW helped in construction of the graphical
representations.

Figure 6. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data. HW helped in construction of the graphical
representations.

Figure 7. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data. HW helped in construction of the graphical

representations.
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Chapter VI

Cellular mechanisms of amyloid plaque formation in Alzheimer’s disease involve

exogenous amyloid-B;_4; internalization by autoantibodyv-mediated endocytosis
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ABSTRACT

The presence of extravasated plasma components such as IgG and AP4; has been
widely reported in the cerebral cortex of AD brains. We investigated the possible
role of these plasma components in mediating endocytosis, its link to intraneuronal
AP, deposition, and the generation of amyloid plaques (APs) in AD brains. Based
on a tentative mechanism derived from observations on human AD brains described
in detail above, a cell culture model system was established to investigate cellular
mechanisms associated with the phenomenon of autoantibody (aAb)-mediated
receptor endocytosis. Differentiated SH-SYS5Y human neuroblastoma cells were used
to test the possibility that IgG aAbs elicit intraneuronal Af4, accumulation through
induction of endocytosis. Immunofluorescence microscopy assessed the
internalization of AP4; and surface proteins and the subcellular trafficking of Afa,.
Cells were treated for up to 72-hours with specific antibodies against selected
neuronal surface antigens or with serum or purified-IgG from either AD or controls in
conjunction with physiologically relevant concentrations of soluble, exogenous ABs,.
An array of inhibitors was used to test the requirement for specific types of
endocytosis.  Dynasore, a dynaminl/2 GTPase inhibitor of clathrin-mediated
endocytosis, showed that A4, accumulation is predominantly dependent on this
pathway of entry into cells. We also demonstrated co-localization of IgG, a7nAChR,
and A4, that was temporally related to the early endosomal marker, Rabl1, and at
later time points to the lysosomal marker, LAMP-1. Lastly, results using monovalent

F(ab) antibody fragments generated from purified IgG of AD patient serum suggest
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that internalization of A4, via endocytosis is triggered by the cross-linking capacity
of neuron-binding aAbs. Lastly, we have demonstrated aAb-mediated endocytosis
and accumulation of serum IgG and A4, within the lysosomal compartment of SH-
SYSY cells. Accumulation of these serum components within neurons along with the
associated depletion of key surface proteins and signaling receptors on their cell
surfaces is thought to disrupt their homeostasis leading to impaired neuronal function,
neurotoxicity, progressive intracellular AB4, accumulation, and ultimately cell death
and AP development. Preventing plasma extravasation by restoring the structural and
functional integrity of the blood-brain barrier may curtail initiation and progression of
AD pathology, and thus is a promising therapeutic target that directly prevents assault

from blood-borne factors that trigger and propagate this devastating disease.
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INTRODUCTION

The pathogenesis of Alzheimer’s disease (AD) is contested amongst leaders in the
field. With the growing at-risk population in the U.S., it is of utmost importance to
elucidate the mechanism of this dire affliction more clearly. Previous work has
shown the presence of extravasated plasma components such as immunoglobulin (Ig)
G and B-amyloids, (AP42) in the cerebral cortex and other brain regions implicated in
AD pathology in these patients (Clifford et al. 2008, Clifford et al. 2007, D'Andrea
2001, Nagele et al. 2002, Nagele et al. 2003, Wang et al. 2000). These proteins are
observed bound to similar neurons, mostly pyramidal neurons, distributed throughout
the brain. Both events independently may lead to heightened neuronal endocytosis,
however the mechanism by which this occurs when coupled together remains to be
deciphered, but could shed light on an important mechanism to the pathogenesis of
AD, with far-reaching implications (Hammer et al. 2014, Carey et al. 2005,

Kuboyama et al. 2015).

Previous studies have shown that AP4, leaks out from the cerebrovasculature in
regions where the blood-brain barrier (BBB) is structurally and functionally
compromised (Acharya et al. 2013, Bouras et al. 2005, Goldwaser 2015, Nagele,
Clifford, et al. 2011, Zhao et al. 2015, Zlokovic 2011, 2008). Along with other blood
components such as IgG and complement, these proteins will bind to neuronal
surfaces and are internalized to yield similar intracellular distributions, suggesting a

linked mechanistic underpinning to the internalization events that would otherwise
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ensue independently. By looking for other markers of neuronal surface protein
internalization (i.e. a phenomenon that we refer to as receptor-stripping), and an
expansion of the cell’s waste disposal system (lysosomal compartment), a broader
picture of the means by which AP4, can enter a neuron and accumulate within cells
are further elucidated. The subsequent fate of AP, as indigestible, fibrillized
aggregates represents the transition to diseased neurons en route to necrosis, making
it extremely important to fully understand these upstream events. Since there are
limits to the information that can be extracted from observations of pathological brain
tissues in a post-mortem state, it is helpful to recruit or develop living cell models to

test key aspects of this process.

Diseases that have classically been shown to involve autoantibody (aAb)-mediated
internalization of surface proteins include multiple sclerosis, myasthenia gravis, anti-
NMDAR encephalitis, schizophrenia, and others (Hammer et al. 2014, Leech et al.
2007, Sui et al. 2014, Terryberry, Thor, and Peter 1998, Whitton 2007, Zlokovic
2008). Although the immune system is thought to be involved in some aspects of
these diseases, none of them, unlike AD, have accumulation of exogenous protein
aggregates (e.g., APaz or alpha-synuclein) within neurons and the surrounding brain
interstitium as a key pathological feature. Differentiated SH-SYS5Y neuroblastoma
cells, which were previously demonstrated to exhibit features of neurons including
neuronal process extension, bind A4, and react to aAbs in human serum, were used
to test our hypothesis. The ability for differentiated cells to bind aAb in the serum of

young control, old control, and AD patient versus non-differentiated cells may point
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for the evolutionary need to develop a barrier (a blood-brain barrier) between the
blood and the brain that can sequester aAbs away from the brain and thereby prevent

their contact with neurons in the brain.

The cell contains multiple mechanisms to internalize exogenous substances and also
to clear materials adherent to their surface membranes that potentially interfere with
the normal functions and fluidity characteristics of this membrane (Doherty and
McMahon 2009, Elkin, Lakoduk, and Schmid 2016). To date, multiple researchers
have suggested that AB4, may undergo different types of endocytosis depending on its
structure and solubility (Carey et al. 2005, Chyung and Selkoe 2003, Cossec et al.
2010, Jang et al. 2015, Kandimalla et al. 2009, Koo and Squazzo 1994, Kuboyama et
al. 2015, Lana et al. 2016). For instance, A4, can exist in monomeric, oligomeric, or
fibrillized forms, and there is no consensus as to which form exists in vivo, and if the
transition from one form to another also constitutes different endocytic mechanisms
or reflects different endpoints of their storage within cells. To this end, we have
examined the dynamic aspects of A4, binding to neuronal surfaces and its
subsequent internalization using several endocytosis inhibitors, like Dynasore (Dyn),
Genistein (Gen), Cytochalasin D (CytD), and Phenylarsine oxide (PAO). Dynasore,
an inhibitor of dynamin1/2 needed for clathrin-mediated endocytosis, showed greatest
effect at inhibiting APa4; entry into the cell. Curiously, however, internalization was
rescued when treated in conjunction with AD serum sample, suggesting a new

approach to AP, internalization in a more physiological context.

218



Here, we study the effects of monovalent antibodies to demonstrate that autoantibody
(aAb)-mediated internalization of surface components and A4, requires cross-linking
of surface proteins bound to aAb prior to endocytosis. Also, as shown in similar
studies for other neurological conditions (e.g., NMDAR-mediated schizophrenia,
restoration of the aAb crosslinking function using anti-F(ab) antibodies can rescue

aAb-mediated endocytosis of surface-bound proteins) (Hughes et al. 2010).

Thousands of aAbs are typically present in human sera, and these can be used for
diagnostic purposes (DeMarshall et al. 2015, Han et al. 2012, Harris and Sadiq 2014,
Mecocci et al. 1995, Nagele, Han, et al. 2011, Nagele et al. 2013, Roche et al. 2008,
Schott et al. 1996, Singh and Fudenberg 1989). From a mechanistic standpoint,
however, we are interested in knowing the cognate receptors to which the aAbs bind
on the surface of neurons in the presence of A4, that could participate in the
enhanced endocytosis observed in vivo. Protein microarray platforms have been
extensively used for the purpose of characterizing the aAb profiles present in serum,
and has enabled a high throughput experiment for assaying potential biomarkers of

disease shared between the cohorts’ serum tested.

In summary, we demonstrate here that exogenous AP, entry into neurons is enhanced
when IgG aAbs from serum are also present in the milieu and binds to the surfaces of
the same neuron. The mechanism by which this occurs seems to be through classical
dynamin-dependent, clathrin-mediated endocytosis pathway that is trafficked to the

lysosome. In high enough concentrations within lysosomes, the AP4, aggregates and
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fibrillizes, and is rendered non-digestible. Continual entry into the lysosomal
compartment along with the lack of degradation translates into progressive
accumulation of AB4,. This is a key step in the process leading to cell death and AP
formation. Lastly, we show that cross-linking of surface aAbs is a required event that
precedes internalization of receptor-aAb complexes, and facilitates A4,
internalization as well into the endosome-lysosome system. We have also identified
some novel biomarkers that may have pathogenic implications as candidate surface
proteins to which aAbs react and thus trigger the A4, internalization and

accumulation process.
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EXPERIMENTAL PROCEDURE

Cell culture experiments

For immunocytochemistry experiments, and aAb and amyloid binding and
internalization experiments, SH-SY5Y cells were used. They are an established cell
line that can be grown in 10% Fetal Bovine Serum (FBS) in Dulbecco’s Minimal
Essential Medium (DMEM)/F12 media. Complete media was changed every three
days, and cells were split weekly at 80% confluence. These cells can be
differentiated after being split into 35mm glass-bottom dishes once they have
achieved 60% confluence using 10uM retinoic acid and 0.2% FBS in DMEM/F12
media. Upon differentiation for three days, cells begun to sprout neuron-like
processes and established connections with neurons in the vicinity, at roughly 70%
confluence. At this point, they can be assayed using standard immunocytochemistry
protocols previously described for neuronal markers of differentiation and surface
proteins (Nagele et al. 2002). In brief, cultures were washed in cation-free Hanks
Buffered Salt Solution (HBSS) (without calcium or magnesium) three times, and then
fixed in 4% paraformaldehyde (PFA). If the cell surface membrane was to be
stripped for internalization assays, three acid washes (0.1M Glycine, pH 2.5) of two
minutes each were performed at this point, followed by two more HBSS washes to
remove any residual acid prior to fixation. Some cultures were treated with 100nM
fluorescein isothiocyanate (FITC)-labeled A4, (physiologic concentration) for time
points ranging from 30 minutes to 72 hours. Other dishes were treated with A4, and

human serum obtained from young-aged non-demented control (YC), old-aged non-
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demented control (OC), and Alzheimer’s disease patient blood (AD) at 1:50 dilutions
in serum-free media. After fixation, cells were blocked in 3% BSA (in PBS-T or PBS
depending on the assay being performed) and then probed with primary antibody
overnight at 4°C or secondary antibodies for one hour at room temperature covered
from the light. For human serum containing IgG, anti-human IgG (Sigma
laboratories) conjugated to an Alexa-fluor 594 fluorescent signal was used, in contrast
to the FITC-labeled AB4,. Nuclei were counterstained with Hoechst. Nikon Confocal
microscopy equipped with epifluorescence was used to capture images and NIS-

Elements software to perform image analysis and quantification of signal intensities.

Analysis

Immunohistochemistry experiments of human brain tissue were used for qualitative
and observational purposes only. Unpublished work was performed, however,
measuring the extent and size of lysosomal vesicles and overall compartment space as
a proportion of the neuron using a macros program written for ImageJ software
(Rasband 1997-2015). For immunocytochemistry experiments, images captured
using Nikon Confocal microscopy NIS-Elements software was used to outline cells
manually as a “Region of Interest” (ROI). Approximately ten random images were
taken per experiment (i.e. individual dish), and only fully enclosed cells within the
60x field were outlined. Each experiment had roughly counted 80 cells, and then the
software was able to determine the fluorescence signal intensity within the ROI,
making sure not to include saturating amounts of signal during the establishment of

image parameter acquisition. After exporting this data to excel, the summed signal
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intensity for the FITC (green) channel (AB4, was FITC-labeled) was divided by the
pixel count (area) of the ROI to determine the signal intensity (FITC-AB42) per unit
area (cell). The summed fluorescence intensity is the most well recognized surrogate
measurement used to establish relative protein amount. By stripping the surface
membrane of the cells using established protocol (0.1M Glycine acid wash), all signal
intensity retrieved therefore represented internalized FITC-AB4, protein. For
experiments aimed at addressing surface bound proteins, no such acid wash was
performed, nor was any detergents used throughout the immunocytochemistry

procedure.

Statistics

Experiments were done in triplicate and blinded, so as to limit bias and improve
reproducibility. Once data was compiled, graphical representations were constructed
using a two-tailed Student's #-test, and a p-value < 0.05 was considered statistically
significant: *, p<0.05; **, p<0.01; *** p<0.001). Variation within each treatment
group was represented by standard deviations of the mean (SEM). Acquisition
parameters were determined by the user at the beginning of each experiment and were

kept identical for all other images of a given experiment.

Human protein microarrays
To detect and identify autoantibodies in human sera, we used /nvitrogen's ProtoArray
v5.0 Human Protein Microarrays (Cat. No. PAH0525020, Invitrogen, Carlsbad, CA,

USA), each containing 9,486  unique  human  protein  antigens
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(www.invitrogen.com/protoQarray). All proteins were expressed as GST fusion
proteins in insect cells, purified under native conditions, and spotted in duplicate onto
nitrocellulose-coated glass slides. Arrays were probed with serum, processed and
scanned according to the manufacturer's instructions. Briefly, microarrays were
blocked using Blocking Buffer (Cat. No. PA055, Invitrogen) and each was incubated
with serum diluted to 1:500 in washing buffer. After washing, arrays were probed
with anti-human IgG (H+L) conjugated to AlexaFluor 647 (Cat. No. A-21445,
Invitrogen) diluted 1: 2,000 in washing buffer. Arrays were then washed, dried, and
immediately scanned with a GenePix 4000B Fluorescence Scanner (Molecular

Devices, Sunnyvale, CA, USA).

Microarray data analysis

Fluorescence data was acquired by aligning the Genepix Array List (GAL) onto the
microarray using the Genepix Pro analysis software. The resulting Genepix Results
(GPR) files were imported into Invitrogen's Prospector 5.2 for analysis. Positive hits
were determined by a Z-Factor greater than 0.4, and a minimum signal intensity of
1500 RFU, which allow for stringent biomarker selection and minimizes the amount
of false positives. Autoantibodies were sorted into descending order by difference of
prevalence, and the top 50 most differentially expressed autoantibodies were chosen

as potential candidate biomarkers.
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RESULTS

Differentiated SH-SY5Y cells can be used as a model system to test for aAb-
mediated Af,; endocytosis.

Upon differentiation of SH-SYS5Y human neuroblastoma cells with retinoic acid (RA)
for 72 hours, cells were surveyed for the expression of various neuronal marker
proteins indicative of neuronal differentiation (Fig. 1). Immunocytochemistry and
confocal microscopy revealed that (Fig. 1A) a7nAChR, (Fig. 1B) SV2, (Fig. 1C)
Map2, and (Fig. 1D) Tau6 were all expressed and distributed within cells as expected.
Moreover, axon-like neuronal processes were present amongst and between cultured
cells upon differentiation, further supporting the differentiated status and tendency to
assume many of the properties of neurons. The effect of RA on AB4, was also tested
to minimize bias and as an added control to validate future experiments using this cell
culture system (Supp. Fig. 1). Using double immunofluorescence confocal
microscopy, results show that APs is endocytosed at similar rates when RA is
included in the treatment medium. Representative micrographs (Supp. Fig. 1A) show
similar morphology and A4, localization. No statistical significance is achieved
when differentiated cells are given RA throughout the course of A4, treatment

(Supp. Fig. 1B), as in experiments detailed below.

APy is trafficked through the endosome-lysosome pathway after internalization.
To assess the fate of internalized A4, differentiated SH-SYSY cells were treated

with FITC-Ap4, at physiologic concentrations of 100nM in serum free media for 3-,
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24-, 48-, or 72-hours (Fig. 2). At the specified time interval, cells were fixed and
processed for confocal microscopy using standard immunocytochemistry protocols.
Representative micrographs show cells from the 72-hour experiment with Af4,
(green) co-localized with the lysosome (red), as detected using LAMP-1 antibody
showing a yellow color signifying an overlay of the green and red channels (Fig. 2,
top panel). At the same time point, A4, did not co-localize with the early endosome
marker Rab-11 (red), as seen in the lower panel as two separate colors — green and
red (Fig. 2, bottom panel). The reverse was true for earlier time points, reflecting that
with increased time, A4, is shuttled through the endosome first and subsequently

ends its transit through the cell in the lysosome.

Apyzinternalization is enhanced when co-administered with human serum.

As mentioned above, human serum and A4, have been shown to leak in to the brain
parenchyma and bind to neurons. To study the effects secondary to BBB breach, we
treated our cell model system with both of these components and assayed for
internalized FITC-A4, (Fig. 3). Human serum from young non-demented control,
old-aged non-demented control, and old-aged matched AD patient blood was added
into the culture treatment media containing physiologically relevant levels of Aa.
Each of the serum samples was demonstrated to possess neuron-binding aAbs.
Differentiated SH-SYSY cells were treated for up to 72 hours with AP4; in the
presence or absence of human serum or a7nAChR antibodies as a positive control.
Results showed that treatment with human serum or o7nAChR antibodies

dramatically enhanced Ap4; internalization in cells as a function of time. Treatment
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with human serum (Fig. 3D) significantly raised intracellular AP4; levels at each time
point, and continued to do so for the entire 72-hour maximal time interval. The effect
that an antibody directed against a known cell surface receptor (a7nAChR) was found
to be more potent than that of the whole human serum (Fig. 3C), although there was a
significant drop in levels of APy after 48 hours of treatment. It is possible that this
effect is due to progressive depletion of this receptor from the cell surface which,
upon reduction of the rate of entry, allows cells sufficient time and resources to clear
or degrade some of the internalized AP4, while it is still in the more soluble and
degradable monomeric or oligomeric states. If so, the continued but slower rate of
entry of AP4, would be expected to continue, especially if the route of its entry into
the cells is not completely dependent on antibody crosslinking events taking place on

the cell surface.

Lysosomal compartment expansion occurs over time in our cell model, consistent
with what has been observed to occur in human AD brains.

In human AD brain sections, we showed in previous work that the lysosomal
compartment undergoes a vast expansion, presumably as an effect of vesicles
containing non-digestible AP4, continually coalescing and fusing over time. This
idea that chronic endocytosis of A4, occurs and drives APs,; accumulation in the
lysosomal compartment was confirmed here by observations on our cell culture
model at the end of the 72-hour treatment period (Fig. 4). Here, differentiated cells
were treated for 3- or 72-hours with FITC-AB4; with or without AD serum.

Immunocytochemistry was carried out to detect LAMP-1, a lysosomal marker.
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Comparing each group as a function of time, it is clear that the lysosomal expansion
occurs in this cell model, thus mimicking in vivo findings and strengthening the

likelihood that such a mechanism is also operating in vivo.

IgG aAb fraction present in human serum enhances the internalization of Apf ;.

To investigate the effects of IgG aAbs present in human serum on AP
internalization, IgG purification procedures were performed. IgG was purified from
AD serum using a spin-column chromatography according to manufacturer’s protocol
and was confirmed by SDS-PAGE (Supp. Fig. 2) and absorption at 280nm. The IgG
purified from AD serum was then tested against AD serum without IgG as well as an
antibody to a known surface receptor, a7nAChR, for their ability to drive
internalization of ABs. The amount of internalized FITC-A4, was quantified based
on signal intensity per unit area, and plotted on the representative bar graph (Fig. 5).
In the group treated with 100nM A4, alone, baseline internalized A4 is compared to
that treated with a7nAChR antibody, purified IgG from AD subjects, or AD serum
with IgG selectively removed (IgG-depleted AD serum). The greatest degree of APa,
internalization was achieved using purified IgG from AD serum. Roughly 50% of the
enhancement in A4, signal was lost when A4, was co-administered with AD serum
depleted of IgG. These findings suggest that the aAb fraction of serum is largely

responsible for the AP4; internalization observed in these cells.

aAb-mediated AP, internalization proceeds through classic receptor-mediated

endocytosis mechanisms.
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Inhibitors for caveolin-mediated endocytosis, clathrin-independent and clathrin-
dependent endocytosis, macropinocytosis, and phagocytosis were employed to
investigate the method of internalization utilized by A4, in the context of aAb
supplementation (Fig. 6). 0.01% DMSO was used as a control (Fig. 6A).
Cytochalasin D (CytD) at low concentrations inhibits actin polymerization,
effectively blocking macropinocytosis and phagocytosis (Fig. 6B). Phenylarsine
oxide (PAO) is an inhibitor of macropinocytosis and phagocytosis (Fig. 6C).
Genistein  (Gen) inhibits caveolae-mediated uptake, a clathrin-independent
mechanism (Fig. 6D). Lastly, Dynasore (Dyn), a specific inhibitor of dynaminl/2
GTPase, inhibits clathrin-mediated endocytosis (Fig. 6E). Differentiated cells were
treated with inhibitor for up to two hours prior to wash and co-treatment of cells with
FITC-AB4; and AD serum. In the control group, Ay, internalization (Fig. 6A, middle
bar) was enhanced when co-administered with AD serum (Fig. 6A, right bar),
supporting our previous findings. None of the inhibitors except Dyn (Fig. 6E)
significantly blocked A4, internalization, suggesting that the endocytic mechanism in
question relies on dynaminl/2 in a clathrin-dependent fashion. Curiously, when
supplemented with AD serum, the Dyn inhibition was overcome. Under these
conditions, it appears that it is possible for AP4, to be internalized via other
mechanisms or by more than one mechanism at any one time. However, it is clear
that the predominant means of its entry into cells is via classical receptor-mediated
endocytic pathway, reliant on dynaminl/2 and clathrin. Representative micrographs
of cells from the Dynasore treatment experiments (Fig. 6F) show the resulting

differences in AP4; accumulation under the different treatment parameters. Note the
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stark difference in green signal (FITC-A4,) in the Dynasore treated cells (top far-
left) versus the same cells and parameters except for addition of AD serum (top
middle-right). Also, a marked difference in the Dyn treated cells with AB4, and AD
serum versus that of the vehicle only is the extent of co-localization, rather than
internalization. This is particularly interesting, in that although the A4 is seen
internalized, the Dyn seemingly prevents the internalization to proceed directly with
the aAbs in AD serum. Meanwhile, this phenomenon does recur, as expected, in the
vehicle only group. Although A4, internalization is restored when AD serum is
supplemented, this finding suggests that a different means by which A4, enters the
cell may be occurring. This data gives rise to novel stimuli (i.e. aAb) for receptor-
mediated endocytosis, making use of previously established mechanisms we now call

aAb-mediated endocytosis.

aAb-mediated endocytosis requires a cross-linking step to precede internalization.

Antibody-mediated internalization is believed to require cross-linking of surface
proteins bound to antibody prior to the triggering of endocytosis. If this step is a
required first step in AP4, internalization, then enzymatic cleavage of the aAbs
derived from human serum to produce monovalent F(ab) fragments should block the
induction of endocytosis. As performed in similar studies for other neurological
conditions, reaction of monovalent aAb fragments with anti-F(ab) antibodies should
be capable of restoring aAb cross-linking ability and rescue aAb-mediated
endocytosis. Using immobilized papain treatment according to manufacturer’s

protocol (Pierce Fab Micro Preparation Kit), we successfully digested purified I1gG
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from AD serum, producing monovalent F(ab) fragments, which was confirmed using
SDS-PAGE (Supp. Fig. 3). Next, cells were treated with monovalent F(ab) fragments
in conjunction with ABs,. Another treatment included F(ab) fragments supplemented
with antibodies directed to the F(ab) fragment, thus restoring cross-linking abilities
with the now divalent antibody complex. The data suggests that monovalent
antibodies are unable to induce any significant increase in A4, internalization
compared to A4, alone, but when anti-F(ab) antibodies are supplied, cross-linking,

and thus internalization, proceeds (Fig. 7).

Microarray data may lead to identification of aAb targets on the surface of
neurons, with diagnostic and pathogenic implications.

The identity of the receptors to which the ubiquitous IgG aAbs bind is not known, and
will be the focus of future investigations into this novel mechanism for the
pathogenesis of the early stages in AD. In an effort to get a glimpse into the
expansive repertoire of candidate epitope cognates, human protein microarray
technologies were used. The 50 most prevalent aAb targets amongst young-aged
non-demented control (green), old-aged non-demented control (blue), and AD patient

(yellow) serum were chosen and listed in order of decreasing prevalence (Table 1).
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FIGURES

Fig 1. Differentiated SH-SYSY cell line as a model system.
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Figure 1: SH-SYSY cells can be used as a model system for purpose of
testing aAb-mediated A4, endocytosis.

Upon differentiation with retinoic acid (RA) for 72 hours, cells were surveyed
for various neuronal markers of differentiation. Immunocytochemistry and
confocal microscopy revealed that (Fig. 1A) a7nAChR, (Fig. 1B) SV2, (Fig.
1C) Map2, and (Fig. 1D) Tau6 were all expressed and appropriately
distributed throughout the cell. Moreover, axon- or dendrite-like neuronal
processes were present amongst and between cultured cells upon

differentiation, further supporting the differentiated status.
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Supplemental Fig. 1. Retinoic acid does not effect A, internalization.
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Supplemental Figure 1: RA does not affect AP4; internalization rates
over 72 hours.

The effect of RA on A4, internalization was tested to minimize bias and as
an added control to validate future experiments using this cell culture system.
We show, using double immunofluorescence confocal microscopy that FITC-
AP4, is endocytosed at similar rates regardless of whether or not RA is
included in the treatment medium. Representative micrographs (Supp. Fig.
1A) show similar cell morphology and A4, localization. No statistically
significant differences in A4, internalization were noted when differentiated
cells are given RA throughout the course of AP4; treatment (Supp. Fig. 1B), as

in future experiments performed.
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Fig 2. AB,, is trafficked through
endosome-lysosome pathway upon
internalization.
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Figure 2: ApP4; is trafficked through the endosome-lysosome pathway
after internalization.

Upon internalization, A4, is trafficked through the endosome-lysosome
pathway en route to attempted degradation in the lysosomal compartment.
Differentiated SH-SYSY cells were treated with 100nM FITC-AB4; in serum
free media for 3-, 24-, 48-, or 72-hours. At completion of the time course,
cells were fixed and processed for immunofluorescence confocal microscopy
using standard immunocytochemistry protocols. The representative
micrographs show cells from the 72-hour experiment with A4, (green) co-
localized with the lysosome (red), as detected using LAMP-1 antibody
showing a yellow color signifying an overlay of the green and red channels
(top). At the same time point, AP4, did not co-localize with the early
endosome marker Rab-11 (red), as seen in the lower panel as two separate

colors — green and red (bottom).
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Fig 3. AB42 internalization was enhanced in the presence of serum

with autoantibodies directed at surface proteins.
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Figure 3: Autoantibodies present in human serum enhance A4
internalization.

Differentiated SH-SYSY cells were treated with A4 supplemented with
human serum or commercial antibody directed at a known surface receptor,
the a7nAChR. Human serum from the old-aged non-demented control was
used at 1:50 dilution in serum-free medium, and was supplemented in the
culture treatment media containing FITC-AP4,. Cells were incubated for 3-,
24-, 48-, and 72-hours with AP4; in the presence of human serum or a7nAChR
antibodies as a positive control. Graphical representations of the data showed
that the presence of human serum (Fig. 3A) significantly raises the levels of
intracellular A4, compared to controls at each time point, and continues on
through 72 hours. By contrast, the effect of an antibody directed towards a
known surface receptor (a7nAChR) was more potent than that of adding
whole human serum (Fig. 3B), but there is a significant drop in the amount of

detectable internalized A4, after 48 hours.
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Fig 4. Lysosomal compartment expansion occurs with longer
incubation with AB42.
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Figure 4: Lysosomal compartment expansion occurs over longer periods
of incubation with Ap4,.

Neurons in human brain AD sections have been shown to undergo dramatic
lysosomal compartment expansion when compared to control brains. This
most likely reflects the underlying mechanism of A4, endocytosis, and its
being rendered non-digestible as it is progressively acidified within the
lysosome. As a result of accumulating non-digestible AP4,-positive vesicles,
they are forced to coalesce and fuse with one another, effectively taking up
more and more of the total cytoplasmic volume in the cell. Differentiated
cells were treated for 3- and 72-hours with 100nM FITC-AP4, with or without
human AD serum. Cells were then fixed and immunostained for LAMP-1, a
marker for the lysosome. The intensity of the LAMP-1 staining was
quantified and graphed (Fig. 4). In all cases, LAMP-1 levels were elevated as
a function of time, comparing the 3- and the 72-hour treatments with one
another. Interestingly, the most significant change in the relative size of the
lysosomal compartment came when cells were treated with both AB4, and AD
serum, in agreement with previous results. This also may reflect a synergistic,
or even just compounded, effect that AD serum aAb components have on

A4, internalization and accumulation within lysosomal vesicles.
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Fig 5. AB, internalization is enhanced by IgG fraction of AD serum.
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Figure 5: IgG aAbs present in human serum enhance the internalization
of AP4.

IgG purified from AD serum (AD purified IgG) was used alongside AD serum
without IgG (AD serum minus IgG), as well as an antibody to a known
neuronal surface receptor, a7nAChR. A4, internalization was assayed in the
context of these parameters and results are shown in Figure 5. The amount of
internalized FITC-A4, was quantified based on signal intensity per unit area
and plotted as shown in the representative bar graph. In the group treated with
100nM AP4, alone, baseline internalized A4, is compared to that with
a7nAChR antibody, AD purified IgG, and AD serum without IgG
supplementation. These results demonstrate that the IgG fraction of serum,
that is the IgG neuron-binding aAb fraction, specifically participates in the

enhancement of APy, internalization, and no other components in the serum.
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Supplemental Fig 2. IgG purified from AD serum using spin-column chromatography.
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Supplemental Figure 2: Purification of IgG from human serum.

IgG was purified from AD serum using a spin-column chromatography
(Pierce Melon Gel IgG Purification Kit) according to manufacturer’s protocol
and confirmed using SDS-PAGE (Supp. Fig. 2) and absorption at 280nm.
The gel shows bands from whole AD serum (lane 2), and IgG purified from
the AD serum sample (lanes 3 and 4). Expected yields are roughly 80%.
Bands at ~55kDa and ~20kDa correspond to the immunoglobulin heavy and

light chains respectively.
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Fig. 6. aAb-mediated Af.; intemalization proceeds through classic
receptor endocytosis.
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Figure 6: aAb-enhanced Ap4; internalization relies on dynaminl/2 and
clathrin-mediated mechanisms predominantly.

Vehicle (0.01% DMSO) was used as a control to show normal endocytosis
outcomes of AP or AD serum treatment (Fig. 6A). Cytochalasin D (CytD) at
low concentrations inhibits actin polymerization, effectively blocking
macropinocytosis and phagocytosis (Fig. 6B). Phenylarsine oxide (PAO) is
an inhibitor of macropinocytosis and phagocytosis (Fig. 6C). Genistein (Gen)
inhibits caveolae-mediated uptake, a clathrin-independent mechanism (Fig.
6D). Lastly, Dynasore (Dyn), a specific inhibitor of dynaminl/2 GTPase,
inhibits clathrin-mediated endocytosis (Fig. 6E). Differentiated cells were
treated with inhibitor for up to two hours prior to wash and FITC-A4; co-
administered with AD serum. Representative micrographs of cells from the
Dynasore treatment experiments (Fig. 6F) show the differences in APa;
accumulation under different treatment parameters. Note the stark difference
in green signal (FITC-AB4;) in the Dynasore treated experiment (top far-left)

versus the same parameters except for AD serum (top middle-right).
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Fig. 7. aAb-mediated endocytosis requires a cross-linking step to
precede internalization.
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Figure 7: aAb-mediated endocytosis requires a cross-linking step prior to
internalization.

Cells were treated with monovalent F(ab) fragments, incapable of cross-
linking, in conjunction with APs. Next, media was supplemented with
antibodies directed to the F(ab) fragment, thus restoring cross-linking abilities
with the now divalent antibody complex. Heat inactivated (HI) serum was
used to exclude complement-mediated internalization mechanisms as a means

of AB4; entry into the cell.
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Supplemental Fig 3. F(ab) fragment preparation using papain.
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Supplemental Figure 3: F(ab) fragment preparation confirmed with
reducing SDS-PAGE condition.

Using immobilized papain treatment according to manufacturer’s protocol
(Pierce Fab Micro Preparation Kit), purified IgG (lane 3) from AD serum
(lane 2) was successfully digested into F(ab) fragments (lanes 4-5), and then
purified (lanes 6-7). Undigested fraction was removed from the column after
F(ab) purification step to confirm the presence of undigested IgG and Fc
portions. Bands of ~27kDa and ~25kDa correspond to the Fc and F(ab)
fragments, respectively. Note the removal of the Fc portion in the purified

F(ab) fraction (lanes 6-7) was used for experimental conditions.
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Table 1: Top 50 most prevalent aAb targets.

Young-aged non-demented

control

N-methylpurine-DNA glycosylase (MPG)

Old-aged matched

AD

NRP1 / Neuropilin-1 Protein

protein phosphatase 1,
regulatory (inhibitor) subunit

10 (PPPIR10)

Interferon alpha 7 / IFNA7 Protein

NRP1 / Neuropilin-1 Protein

EphrinB2 / EFNB2 Protein

S100A1 Protein

Interferon beta / IFN-beta / IFNB Protein

Isocitrate dehydrogenase

[NADP] cytoplasmic

Interferon alpha 10 / IFNA10 Protein

Interferon beta / IFN-beta /

IFNB Protein

IL2Ra / CD25 Protein

chromatin assembly factor 1,

subunit B (p60) (CHAF1B)

phosphorylase kinase, gamma 2 (testis)

N-methylpurine-DNA

glycosylase (MPG)

interferon, alpha-inducible protein 6 (IF16)

CD27 / TNFRSF7 Protein

leukocyte receptor cluster (LRC) member 1

(LENG1)

PDI1 /PDCD1 Protein

TREMI1 Protein

Serine/threonine-protein

kinase PAK 1

PD-L2 / B7-DC / CD273 Protein

EphrinB2 / EFNB2 Protein

IL2RB Protein

folliculin (FLCN), transcript

variant 2

c¢DNA clone MGC:27376 IMAGE:4688477,

complete cds

KIAA1143 (KIAA1143)

PD-L1 Protein

Interferon alpha 7 / IFNA7

Protein

endosulfine alpha (ENSA), transcript variant

3

Wolf-Hirschhorn syndrome

candidate 2 (WHSC2)

IL2RB Protein
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myosin, light chain 9, regulatory (MYL9),

transcript variant 2, mRNA.

cDNA clone MGC:22645 IMAGE:4700961,

complete cds

prune homolog 2

(Drosophila) (PRUNE2)

oligonucleotide/oligosaccharide-binding fold

containing 2A (OBFC2A)

ubiquitin associated protein 1

(UBAPI)

Endoglin / CD105 / ENG Protein

IL1R1 / CD121a Protein

Transcription cofactor HES-6

Mucin-1 / MUC-1 Protein (Fc

Tag)

membrane protein, palmitoylated 3
(MAGUK p55 subfamily member 3)

(MPP3), transcript variant 1

tripartite motif-containing 21

(TRIM21)

folliculin (FLCN)), transcript variant 2

PD-L1 Protein

CD27 / TNFRSF7 Protein

LIM and senescent cell
antigen-like-containing

domain protein 1

Splicing factor 1

IL2Ra / CD25 Protein

ACE2 / ACEH Protein

cDNA clone MGC:32654
IMAGE:4701898, complete

cds

IL27Ra / TCCR / WSX1 Protein

CD14 Protein

Calpastatin

hypothetical protein

LOC403312 (MGC39545)

cDNA clone MGC:32654 IMAGE:4701898,

complete cds

Dual specificity mitogen-
activated protein kinase

kinase 6

piccolo (presynaptic cytomatrix protein)

(PCLO)

Interferon alpha 10 / IFNA10

Protein

BMPR 1A Recombinant Human Protein

cDNA clone MGC:22645
IMAGE:4700961, complete

cds

JAG1 /JAGLI / CD339

Protein
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BClL2-associated athanogene 3 (BAG3)

IL3RA / CD123 Protein

Syntaxin-10

5'-nucleotidase domain containing 1

(NT5DC1)

WAS/WASL-interacting

protein family member 1

cDNA clone MGC:40426 IMAGE:5178085,

complete cds

c¢DNA clone MGC:27376
IMAGE:4688477, complete

cds

3-hydroxybutyrate dehydrogenase, type 2

(BDH2)

chromosome 19 open reading

frame 40 (C190rf40)

cyclin-dependent kinase 5, regulatory subunit

1 (p35) (CDK5R1)

interferon, alpha-inducible

protein 6 (IF16)

RNA binding motif protein 12 (RBM12),

transcript variant 1, mRNA

c¢DNA clone MGC:31936
IMAGE:4765518, complete

cds

microtubule-associated protein, RP/EB

family, member 2 (MAPRE2)

TREMI1 Protein

musculoskeletal, embryonic nuclear protein 1

(MUSTN1)

Acti-Vin R1b Recombinant

Human Protein

mannosyl (alpha-1,6-)-glycoprotein beta-1,6-

N-acetyl-glucosaminyltransferase, isozyme B

(MGATS5B)

leukocyte receptor cluster

(LRC) member 1 (LENG1)

doublecortin-like kinase 1 (DCLK1)

c¢DNA clone MGC:88796
IMAGE:6295732, complete

cds

cyclin B3 (CCNB3), transcript variant 2

Usher syndrome 1C
(autosomal recessive, severe)

(USHIC)

Family with sequence
similarity 9, member B

(FAM9B), mRNA

cDNA clone MGC:31944 IMAGE:4878869,

complete cds

cDNA clone MGC:31936 IMAGE:4765518,

complete cds

PD-L2 /B7-DC/CD273

Protein

Table 1: Potential candidate aAb targets.

thioredoxin 2 (TXN2),
nuclear gene encoding

mitochondrial protein
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Human protein microarray data of IgG aAbs present in serum across age and disease
gives rise to candidate aAb targets. Further data will be needed to begin narrowing
down potential targets with those of surface (specifically neuronal surface) proteins.
The 50 most prevalently expressed aAb targets amongst young-aged non-demented
control (green), old-aged non-demented control (blue), and AD patient serum

(yellow) were chosen and listed in order of decreasing prevalence.
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DISCUSSION

The blood-brain barrier (BBB) compartmentalizes the peripheral blood from the
immunoprivileged brain. With that function comes the responsibility to stringently
control what enters into the brain parenchyma, as neuronal homeostatic balance is
highly sensitive to minor perturbations. Consequent to a compromised BBB is the
indiscriminate leakage of blood components, like amyloid proteins (namely AB4,) and
immunoglobulins (namely IgG), including neuron-binding autoantibodies (aAbs).
We have proposed a novel mechanism of amyloid plaque (AP) development in the
carly stages of Alzheimer’s disease (AD), whereby chronic loading of AP4; in the
neurons is what eventually causes lysis and gives rise to the APs. Given that neuron-
binding aAbs and APs, binding to the surface of neurons can both independently
cause endocytosis, we sought to address if the AP4; loading is enhanced, and by what

physiologic mechanism does this process occur.

Following in the footsteps of other diseases with known aAb components to them,
like NMDAR encephalitis (a classical autoimmune disorder), experiments were
designed to address the role that aAbs play in neuronal endocytosis of AB42 bound to
their surfaces. We have successfully demonstrated that the autoreactive 1gG species
of antibodies (autoantibodies) within human serum, irrespective of age and disease,
were able to bind the surfaces of differentiated SH-SYSY cells, a translatable model
system established to probe into the cellular aspects of various neuronal functions.

We showed that exogenous APs4; like that entering into the brain from the blood in
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vivo, proceeds through the endosome-lysosome pathway likely en route to eventual
degradation within the lysosomal system. However, within the low pH environment
of the lysosome, the internalized A4, begins to aggregate and fibrillize, forming non-
digestible and insoluble amyloid deposits that progressively increase in volume over
time. Furthermore, the endocytic machinery used predominantly by this pathway was
shown, using our series of inhibitors, to likely proceed through a dynaminl/2-
dependent, clathrin-mediated form of internalization. However, it is thought that
AP, may undergo internalization by several different mechanisms, depending on its
state of aggregation at the time of contact (i.e. monomeric, oligomeric, or fibrillary).
Given the increased hydrophobicity of the transmembrane domain of the A4, a
caveolin-mediated, clathrin-independent pathway has been hypothesized, and is an
active area of research to better understand this mechanism. Taken together, the data
presented here suggests that A4, enters neurons primarily through a clathrin-
dependent pathway, but that a lesser amount may also be continually entering cells
via another independent pathway. This aspect is further complicated when seen in a
more physiological context of serum supplementing the A4, effect on internalization.
Although the A4, internalization is re-established, it no longer co-localizes with the
AD serum IgG aAbs. It is conceivable that this latter clathrin-independent pathway
may be operating as the primary means of entry in situations where the individual is

lacking aAbs that target abundant neuronal surface proteins.

Thousands of aAbs are present in the sera of individuals, and can be used for

diagnostic purposes. From a mechanistic standpoint, however, we are interested in
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knowing the cognate receptors to which the aAbs bind on the surface of neurons in
the presence of soluble, exogenous A4, also bound to neuronal cell surface
membranes that could participate in the observed enhanced endocytosis. Protein
microarray platforms have been extensively used for the purposes of characterizing
the aAb profiles present in the serum, and make for an equally sensitive and specific
means to assay aAbs in this context as well. Unfortunately, very little is known about
the specific aAb candidate biomarkers that have thus far been identified in our
microarray studies, and as such, it will be the focus of future studies to discern

associated from causative protein targets.

In conclusion, our study has helped to solidify a hypothesis that describes the
pathoetiology of AD, in particular the mode of A4, entry into the brain and neurons,
leading to amyloid plaque formation, one of the pathological hallmarks of AD.
Furthermore, our results give strength to the concept that BBB breakdown may be the

disease trigger for AD, thus highlighting this aspect of AD as a new treatment target.
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Autoantibody-mediated endocytosis of AP4»

Figure 1. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data.

Figure 1 Supplemental. ELG, GG, NKA, AS helped in the culturing and

maintaining the cell lines, as well as establishing protocol adapted for ICC
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experiments. ELG imaged, analyzed, and quantified data. HW helped in
construction of the graphical representation.

Figure 2. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data.

Figure 3. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data. HW helped in construction of the graphical
representations.

Figure 4. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data. HW helped in construction of the graphical
representations.

Figure 5. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data. HW helped in construction of the graphical
representations.

Figure 6. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,
as well as establishing protocol adapted for ICC experiments. ELG imaged,
analyzed, and quantified data. HW helped in construction of the graphical
representations.

Figure 7. ELG, GG, NKA, AS helped in the culturing and maintaining the cell lines,

as well as establishing protocol adapted for ICC experiments. ELG imaged,
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analyzed, and quantified data. HW helped in construction of the graphical
representations.

Figure 3 Supplemental. ELG, AS, and NKA helped in antibody purification and
papain digestion, as well as performing the SDS-PAGE.

Table 1. ELG, CD, and NKA helped in running the microarrays and interpreting the

data. RGN, MK, and AS helped in conception and implementing the idea.
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SUMMARY

Brain homeostasis can be affected in a number of ways that lead to gross anatomical,
cellular, and molecular disturbances. Subsequent neurological, cognitive, and
behavioral symptoms are manifest and constitute an array of diseases, including
Alzheimer’s disease (AD) and related dementias. Unfortunately, the mechanistic
pathoetiology of AD that culminates in its hallmark features of cerebral amyloid
plaque buildup, synaptic loss, and neuronal death are still disputed. Current literature
directs more attention to the vasculature that nourishes the brain as paramount in
maintaining normal functioning of neurons (Anderson and Nedergaard 2003, Clifford
et al. 2008, de la Torre 2006, Deane et al. 2003, Deane and Zlokovic 2007, Drake and
Iadecola 2007). Inherent in the brain vasculature is the blood-brain barrier (BBB)
tasked  with  compartmentalizing  blood-borne = components,  including
immunoglobulins and pathogens, from access to cerebral parenchyma, an otherwise
immunoprivileged site. Recent findings have implicated a permeable BBB, as
evidenced by extravasated plasma components, in all stages of AD (Acharya et al.
2013, Amaducci, Falcini, and Lippi 1992, Bouras et al. 2005, Goldwaser 2015, Hsu
and Kanoski 2014, Kandimalla et al. 2009, Nagele et al. 2011, Pflanzner et al. 2011,
Romanitan et al. 2007, Shams et al. 2016, Wisniewski, Vorbrodt, and Wegiel 1997,
Zlokovic 2011, 2008). Past findings in our lab have shown immunoglobulin G (IgG)
to undergo neuronal binding and internalization in Af4;-burdened, especially those
that find themselves within the plasma leak clouds (Clifford et al. 2007, D'Andrea

2001, Nagele et al. 2002, Nagele et al. 2003).
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The work I have presented here continues the trend of providing evidence that points
to an autoantibody-mediated endocytic mechanism that facilitates A4, entry into
neurons that are vulnerable to AD pathological changes. Furthermore, we show that,
within the vast antibody repertoire that any individual has in his or her possession,
there exists hundreds of autoantibodies, and some of these are now known to bind to
neurons once access is given via a disrupted BBB (Nagele et al. 2013, Nagele et al.
2011). Like other antibodies, upon binding to their cognate receptor, these will
induce endocytosis. In the context of AD and the work we have shown here, we have
filled a critical gap in the mechanism that relates to our working hypothesis. Previous
works by Peter Clifford DO/PhD, Gilbert Siu DO/PhD, Michael D’Andrea PhD,
Nimish Acharya PhD, and Eli Levin DO/PhD in this laboratory have elucidated many
of the steps involved in this process, but these have not been judiciously tested in a

cell-based system.

At the beginning of the proposed mechanism, the single most important factor crucial
for maintenance of overall brain homeostasis is the blood-brain barrier (BBB) — more
specifically, the tight junctions of the BBB (Acharya et al. 2013). During
inflammatory conditions, brought on either acutely (as in during general anesthesia)
or chronically (as in disorders like diabetes, hypertension, cancer), the BBB becomes
leaky. In the elderly, there appears to be a high incidence of non-recovery from these
acute BBB insults (Strom, Rasmussen, and Sieber 2014, Vasilevskis et al. 2012).

Once this occurs, indiscriminate leakage of blood components small enough to fit
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through the now-porous BBB, can readily be detected using immunohistochemistry,
unambiguously, and unequivocally. Next, the neurons, which display cognate
receptors on their surface, will bind autoantibodies that recognize them; the ones
without any cognate receptors will remain unscathed. Upon binding, autoantibodies
will cross-link surface membrane proteins, presumably of similar class, avidity, and
affinity, and rigidify regions of surface membrane. The cell responds to this stimulus
by internalizing the region of surface membrane that includes these autoantibody-
receptor complexes, as well as nearby membrane within clathrin-coated pits. This
receptor and antibody-mediated endocytosis pathway was described by past scientists
like Michael Brown, PhD and Joe Goldstein, PhD, who won their Nobel Prize for
their work on LDL receptor-mediated endocytosis and receptor recycling (Herz et al.
1990). Next, the newly formed endocytic vesicle buds off from the surface
membrane and enters the cytoplasm, carrying the autoantibody-receptor complex as it
is trafficked through the endosomes. The intravesicular pH within endosomes begins
to drop as they fuse with other endosomes at similar stages of maturation. After
several minutes to hours of this acidification process, the endosome will begin to
activate pH-sensitive enzymes and will transition to an endolysosome intermediate
and eventually a lysosome as it progresses through this maturation process. Once in
the lysosome, most proteins are normally degraded in the low pH and with enzymatic
activity. However, in cases of proteinopathies like AD, A4, is resistant to
degradation and can build up as a fibrillized aggregate with a more B-pleated sheet
secondary structure. Although the receptors to which Af4, binds may vary, their

visualization with the amyloid plaques is telling for one in particular, the a7nAChR
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(D'Andrea 2001, Nagele et al. 2002, Nagele et al. 2003, Wang et al. 2012, Wang et al.
2000, Wang et al. 2009). As the A4, continues to accrue, the lysosomal
compartment expands due to the coalescing of non-digestible fibrillized Apa,-
burdened vesicles. If this process continues chronically, the lysosomal compartment
will encroach on other vital organelles in the cell, perturbing function, and initiating
the earliest forms of AD, also called mild cognitive impairment (Bouras et al. 1994,
Braak and Braak 1991, Castellani and Perry 2014, D'Andrea et al. 2001,
Giannakopoulos et al. 1997, Gomez-Isla et al. 1997, Gouras, Almeida, and Takahashi
2005, Ikonomovic et al. 2008). As the cell accumulates more and more APy, it will
eventually undergo lysis, presumably through a necrotic mechanism, and disperse its
cellular contents out as a plaque. The inflammatory state that ensues locally is
thought to be due to the effect of dsSDNA on glial activation. Unfortunately, the
microglia cannot digest the APs in its fibrillized form (or ubiquitin or
hyperphosophorylated Tau), and thus these are what remains within the plaque after
microglial activity has subsided, since they could not be digested by the lysosomal

compartment’s onslaught of proteases.
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CONCLUSIONS AND FUTURE DIRECTIONS

The part of the aforementioned proposed mechanism that still remained to be
elucidated was the major thrust of my thesis work — demonstrating in living cells that
cellular and mechanistic descriptions for autoantibody and A4, internalization are
valid. I have shown that the autoantibody component of serum does in fact bind to
the surface of neurons and induces a global receptor-stripping phenomenon, and co-
localizes with AP4,, endosome, and lysosome at varying points during endocytosis.
The lysosomal compartment grows, both in human AD and in vitro under conditions
of extended AP, treatment. Although various possible mechanisms exist for ABa,
internalization, the use of a series of different inhibitors of various aspects of
endocytosis here has helped to characterize the dynamin-dependent, clathrin-
mediated endocytosis that operates to bring APs; and autoantibodies into the cell,
predominantly. I also describe the necessity for cross-linking that a bivalent

autoantibody can achieve in order to induce endocytosis.

Other disorders of the central nervous system have also cited the presence of a
disrupted BBB functional integrity and subsequent IgG leakage into the surrounding
brain parenchyma (Odoardi et al. 2007, Bauman et al. 2013, Burgoon et al. 1999,
Dahm et al. 2014, Engelhardt and Appel 1990, Kumar, Cohen, and Eisdorfer 1988,
Nagele et al. 2011, Ortiz et al. 2014). Classical examples of such conditions are N-
methyl D-aspartate receptor (NMDAR) encephalitis and multiple sclerosis, whereby a

patient’s autoantibodies target neuronal surface proteins or other components, gaining
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entry presumably through a broken BBB (Hammer et al. 2014, Hughes et al. 2010).
However, recently, other disorders not typically associated with autoimmune disease
have surfaced where BBB breakdown and aAb may also play a key role — epilepsy,
post-ictal psychosis, schizophrenia, and Parkinson’s disease to name a few (Sui et al.
2014). NMDAR encephalitis was described in cellular and molecular mechanistic
detail by Drs. Dalmau, Moscato, Hughes, and colleagues (Hughes et al. 2010,
Moscato et al. 2014). Other similar research findings regarding NMDAR
autoantibodies and their role in schizophrenia has been described by Dr. Ehrenreich’s
group (Dahm et al. 2014, Hammer et al. 2014). Essentially, what we can conclude
from the research I am presenting here is that AD can fall along a spectrum of
diseases that include classical autoimmune diseases as sharing pathoetiological
underpinnings — including BBB breakdown and autoantibody binding and
internalizing. The key difference is that in AD, a protein aggregation pathway exists.
Unlike NMDAR encephalitis in which symptoms appear in response to NMDA
receptor depletion on the surface, AD pathology also includes protein accumulation
on the lysosomal side. In AD, AP, “hijacks” this system and accumulates within the
cell. This again agrees with the BBB breakdown as the initiating event, which occurs
prior to neuronal dysfunction in all of the diseases mentioned above. To consider
autoimmunity as a genre of disease may misclassify a spectrum of disorders that
actually have much in common regarding their most upstream inciting factors (that is,
BBB damage). More importantly, treatment options may overlap for seemingly
unrelated disorders. Perhaps a redefinition of our concept of autoimmune diseases is

warranted in light of the growing field of research across the neurosciences.
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In a pilot study investigating the acute effects of inhaled anesthetics on the structural
and functional integrity of the BBB, we demonstrated that exposure to anesthetics
favor an acute and dramatic disruption of BBB integrity, leading to a leakage of IgG
into the cerebral cortex. As in our AD models and pathological specimens, the
autoantibodies bound to subsets of neurons and were increased in regions of
anesthetic-induced BBB breakdown. The extent of this effect was directly
proportional to the age of the animal, which parallels the incidence of post-operative
delirium (POD) seen in the elderly in the clinical setting, thus posing as a potential
link to post-operative cognitive decline and later AD in these same subjects.
Furthermore, sevoflurane may be more damaging to the BBB than isoflurane, which
agrees with clinical observations in which sevoflurane more quickly induces a
surgical plane of anesthesia in the patient than many other anesthetics (sevoflurane is
more potent). This piece of inference is quite impactful, in that it not only describes,
for the first time, a difference in efficacy, but also it advocates for more
individualized approaches to anesthesia administration.  Sevoflurane, a third-
generation anesthetic, enables a patient to more quickly emerge from anesthesia than
isoflurane, a second-generation anesthetic, as well. Perhaps inhaled anesthetics
should be studied for their POD effects, rather than the immediate

induction/emergence in perioperative care.

Lastly, the ability of BBB integrity (or the lack of it) to be visualized or detected

clinically has remained elusive, yet is invaluable for pre-symptomatic diagnoses and
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thus treatment efforts, given the aforementioned data. In a previously published study
using a diabetic young pig model, pathological changes were demonstrated in the
brain parenchyma that faithfully recapitulated AD-type changes. The retinas of these
pigs were also investigated for regions of blood-retinal barrier (BRB) leakage and
neuronal pathology in the ganglion cell layer. As a final part of my thesis objective,
this project was able to show categorical similarities between the BRB and BBB. By
allowing for a juxtaposed comparison between the BBB and the BRB, it opens up
doors clinically to use the BRB as a surrogate system to detect ongoing BBB
pathology. Given the previously mentioned phenomenon of BBB demise across
many neurocognitive and neurological disorders, this notion may have highly
impactful clinical relevance. Fluorescein angiograms have fallen out of style in
academic ophthalmological studies, supplanted by Optical Coherence Tomography,
which can detect finer details regarding the cellularity and thicknesses of layers, but
does not detect the vasculature whatsoever. Fluorescence photometry can detect
minute amounts of fluorescein leakage into the vitreous of the eye, however
traditional slit-lamps do not have such resolving abilities. Thus, fluorophotometry
may have a place in the future for diagnostics of neurodegenerative diseases at a very
early stage, making treatments more amenable to work. Taken together, these
research endeavors help to broaden the landscape of mechanistic knowledge
surrounding AD and other neurological diseases, and have provided new perspectives

on pathogenesis, diagnosis, and treatment efforts.
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Appendix

Abbreviations list

Alzheimer’s disease = AD
Amleid-B1_42 = AB42

Immunoglobulin = Ig

Blood-brain barrier = BBB
Autoantibody = aAb

Blood-retina barrier = BRB

Diagnostic and Statistical Manual = DSM
Neurocognitive disorder = NCD
Vascular dementia = VaD

Cerebrospinal fluid = CSF
Neurofibrillary tangle = NFT

Computed tomography = CT

Positron emission tomography = PET
Magnetic resonance imaging = MRI
Fluorescein isothiocyanate = FITC
Minimum alveolar concentration = MAC
Post-operative delirium = POD

Diabetes mellitus = DM
Hypercholesterolemia = HC

Receptors for advanced glycation end products = RAGE
Cardiovascular disease = CVD

Diabetic retinopathy = DR

RPE = retinal pigment epithelial

Alpha 7 nicotinic acetylcholine receptor = a7nAChR
Amyloid plaque = AP
Immunohistochemistry = IHC

Dynasore = Dyn

Genistein = Gen

Cytochalasin D = CytD

Phenylarsine oxide = PAO

Retinoic acid = RA
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