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ABSTRACT

Dementia is the top global public health threat of the twenty first century. Within the
dementia spectrum, Alzheimer’s disease (AD) is the most common type of dementia that occurs
with aging and accounts for about 60% - 80% of diagnosed cases. But currently available
discoveries failed to develop disease-modifying therapies for all patients living with AD. Recent
discoveries can only partially slow down cognitive decline in a small subset of patients with limited
effectiveness. The heterogeneity and complexity of the pathophysiology of AD indicate that a
single drug approach may not be sufficient to prevent disease onset and progression. Human
umbilical cord blood cells (HUCBC) and lithium treatment have shown promise against numerous
neurological conditions, including AD. Yet, they also show significant unwanted, adverse effects.
To address this barrier to yield successful treatments, we employed two key modifications to these
two treatment strategy. We used human umbilical cord blood derived serum (HUCBS, also labeled
as CBS) rather than HUCBC. We also utilized ionic cocrystal of lithium salicylate I-proline
(LISPRO, also labeled as LP) instead of usual lithium salt. Both HUCBS and LISPRO have been
shown to have strong neuroprotective, anti-inflammatory properties in separate studies conducted
in transgenic AD mouse models. The studies detailed herein independently investigated the
effectiveness of biological (HUCBS) and pharmacological (LISPRO) approaches in modulating
the pathology and cognitive impairments in AD mouse models (e.g., 5XFAD, 3XTg-AD,

APPswe/PS1dE9, and Tg2576).



While administration of HUCBC stimulate anti-inflammatory pathways shown in previous
studies, we found that HUCBS markedly promoted neurotrophic soluble amyloid precursor protein
alpha (sAPPa) through non-amyloidogenic amyloid precursor protein (APP) processing pathway
compared to adult (ABS) and aged blood serum (AgBS) in Chinese hamster ovary cells expressing
wild type APP (CHO/APPwt). Using chromatographic fractionation, mass-spectrometry, and
targeting complement proteins in cord blood serum fraction («dCBSF), we discovered the source
of sAPPa in HUCBS as C1 complement protein. Further, intraperitoneal administration of t«CBSF
via osmotic minipump for 6 weeks showed prevention of cognitive impairment in 5XFAD mice

assessed by novel object recognition, and Y-maze test.

A series of recent studies have shown that lithium can prevent both AD- and age-associated
cognitive decline. But, current United States Food and Drug Administration-approved lithium
pharmaceutics (carbonate and citrate forms) have a narrow therapeutic window and unstable
pharmaceutics that can cause toxicity without monitoring. Here we investigated the safety,
pharmacokinetics, and therapeutic efficacy of LISPRO (LP), lithium salicylate (LS), and lithium
carbonate (LC) in cell culture and mouse (B6129SF2/J, Tg2576, and 3xTg-AD) models. Cytokine
profiles from the brain, plasma and splenocytes demonstrated that 8-week oral treatment with
LISPRO downregulates pro-inflammatory cytokines, upregulates anti-inflammatory cytokines and
suppress renal cyclooxygenase 2 (COX2) expression in Tg2576 mice. Pharmacokinetic studies
indicated that LISPRO provides significantly higher brain and more steady plasma lithium levels
in both B6129SF2/) and transgenic Tg2576 mice compared with lithium carbonate. Oral
administration of LISPRO for 28 weeks significantly reduced p-amyloid plaques and tau
phosphorylation. In addition, LISPRO significantly elevated pre-synaptic (synaptophysin) and

post-synaptic protein (post synaptic density protein 95) expression in brains from transgenic

Xi



3XTg-AD mice. Moreover, female APPswe/PS1dE9 mice at 4 months of age were orally treated
with LP, LS, or LC for 8- to 9- months at 2.25 mmol lithium/kg/day followed by measuring body
weight, internal organs’ growth, and cognitive and non-cognitive function. LISPRO treatment
prevented cognitive decline compared with transgenic APPswe/PS1dE9 cohort, as shown by
shorter escape latency during training and probe trials in the Morris water maze and longer
contextual freezing time during fear conditioning. As expected, LISPRO treatment also reduced
depression assayed by tail suspension test and irritability assessed with the touch escape test. But,
lithium treatment did not alter anxiety or locomotor activity as assessed by open field, elevated

plus maze or accelerated rotarod tests.

Taken together, these data indicate that both biological HUCBS and pharmacological
LISPRO treatment may prove to be viable effective strategy for ameliorating Alzheimer’s like

pathology and cognitive impairment in preclinical models.

xii



CHAPTER 1

INTRODUCTION

Note to reader:

Portion of this chapter has been previously published in Journal of Neuroscience Research,
Habib et al., (2017) 95(4): 971-991 (Restoring Soluble Amyloid Precursor Protein o Functions as
a Potential Treatment for Alzheimer’s Disease) and has been reproduced with permission from

Wiley Periodicals, Inc.

Alzheimer’s disease (AD): Overview

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder that severely affects
cognition with no disease modifying treatments. The pathological features of AD currently
include: (a) extracellular amyloid plaques composed largely of amyloid-f (AB) peptides [1], (b)
intracellular neurofibrillary tangles (NFTs) composed of hyperphosphorylated microtubule
associated protein tau (p-tau) [2], (c) dysmorphic synapses, (d) inflammation, and (e) neuronal loss
[3]. The clinical symptoms of AD comprise difficulties with thinking, internalizing information,
memory, language, and other cognitive skills that affect the ability to live independently. These
cognitive-processing difficulties occur, because neurons in different parts of the brain associated
with cognition have become irreversibly damaged. Changes in mood and personality may be an

initial, early sign of AD following a gradual decline in memory. With more substantial memory



decline, individuals often become disoriented to time and space and show disrupted sleep-wake
cycle. People with more prominent memory decline begin to forget recent conversations, names
or events at early stages, while later stages show additional symptoms including impaired verbal
communication, poor judgment, losing or misplacing things, lose the ability to work, and
ultimately unable to carry out activities of daily living, such as speaking and walking. A person in
the final stage of the disease is bed-bound and usually requires intensive care. AD accounts for the
sixth-leading cause of death in the United States. According to Alzheimer’s association data, an
estimated 5.7 million Americans of all ages are currently living with AD in 2018. The percentage
of people with AD increases with age with a prevalence rising from 3% at the age of 65 and 32%
at the age of 85. Total number of AD cases will be nearly 14 million in the United States, as the
older population is expected to double by 2050. Although five drugs have U.S. federal approval
to manage AD symptoms, there still remains no permanent cure for AD. Therefore, the
management cost of the disease will exceed 20 trillion USD in 2050, if we do not find effective

treatments [4].

Alzheimer’s disease (AD): Pathology

The major pathological hallmark of AD is amyloid plaque, which is an extracellular deposit
of a short peptide called AB. According to amyloid cascade hypothesis, the proteolytic cleavage
of APP by two different enzymes, B- (also called beta-site amyloid precursor protein cleaving
enzyme 1, BACEL) and y-secretases, is a critical step to develop AD. In the non-amyloidogenic
pathway, most APP is cleaved at the plasma membrane by a-secretase, which precedes Ap
formation but produces a large secreted, 105-125 kDa N-terminal ectodomain of APP (sAPPa)
and small membrane-bound o-C-terminal fragment (CTF) [5]. Alpha (a) secretase proteolytic

enzymes are members of a disintegrin and metalloproteinase domain (ADAM) family that cleaves



numerous cell surface proteins including APP. Then, the membrane-bound o-CTF is cleaved by y-
secretase complex (presenilin-1, nicastrin, anterior pharynx-defective 1, presenilin enhancer 2)
inducing release of P3 peptide (3 kDa) and AICD (APP intracellular domain). In the
amyloidogenic pathway, the remaining uncleaved APP is processed into endosomal-lysosomal
compartments by B-secretase, producing soluble SAPPB and membrane-bound B-CTF [6].
Subsequent action of y- secretase on B-CTF produces AP 1-40142 peptides and AICD. In addition to
a-, B- and y- secretase cleavage, some studies have identified that APP can be cleaved by the
metalloprotease meprin B, which generates soluble N-terminal truncated APP (N-APP) and N-
terminally truncated AP2x peptide variants [7][8][9]. These latter proteins show increased
aggregation potential compared to non-truncated APao peptides. Cleavage of APP by meprin 3
occurs prior to endocytosis, and different APP mutants affect the catalytic properties of the
enzyme. More specifically, Swedish mutant APP does not undergo this cleavage and is unable to
produce these truncated Ap variants. One recent study showed that APP can also be cleaved by
matrix metalloproteinases such as MT5-MMP, referred to as n-secretase, which releases a long-
truncated ectodomain (sAPPn) and a membrane-bound CTF, termed CTFn. The membrane-bound
CTFn is further cleaved by a- and B-secretases releasing both a long (An-a) and a short (An-P)
peptide, respectively. The cleavage of j occurs far from the N-terminus of the B-secretase cleavage
site and produces fragments of 92 or 108 amino acids, which end at either the - or a- Secretase
site, respectively [10] [Figure 1-1].

The major pathological hallmark of AD is amyloid plaque, which is an extracellular deposit
of a short peptide called AB. A number of in vitro and in vivo studies demonstrated the toxic
properties of AP peptides, since the APP gene was first identified in 1987 [6][11][12].

Administration of AP peptides [13], their structural mimetics, and anti-Af antibodies [14] have



supported the toxic functions of the peptide in terms of promoting cognitive deficits. Yankner et
al., (1989) showed that AP-expressing PC-12 cells grow normally without any cellular
degeneration. Interestingly, after treatment with nerve growth factor (NGF), these AB-expressing
PC-12 cells differentiated into neuronal cells and started to degenerate slowly. Further, cultured
neuronal cells treated with conditioned medium collected from AB-expressing PC-12 cells also
degenerated at a slower rate. Pre-treatment with the anti AP antibody blocked the AB-induced
degeneration in PC-12 cells. This findings indicated that AP peptide induces neurodegeneration
and eventual cell death [15]. Subsequently, other studies confirmed that this was the same
oligomeric AP peptides cause neuronal cell death in vitro and in vivo. Further, substantial evidence
demonstrates that elevated levels of soluble AP can initiate the disruption of synaptic connections
between neurons, which then lead to neuronal loss and cognitive impairment (reviewed by
[16][17]). No strong correlation exists between the total number of plaques and degree of cognitive
impairment in AD patients [18], however a series of recent studies demonstrated that prefibrillar
soluble Ap are found to be more toxic than their insoluble A fibril forms [19][20].

The other hallmark of AD is neurofibrillary tangles, which form inside the neurons and are
composed of abnormally hyperphosphorylated tau [2]. The primary component of the
neurofibrillary tangle is the microtubule-associated protein tau. In the central and peripheral
nervous system, microtubules participate in many cellular processes such as cell structure,
division, motility, and intracellular transport of proteins [21]. Tau, a highly expressed axonal
protein responsible for maintaining physiology and stability of microtubule structure [22],
becomes modified in AD [23]. Among different modifications of tau, phosphorylation rigorously
affects its normal physiological functions in the brain. The tau phosphorylation state influences its

ability to bind and stabilize microtubules, as hyperphosphorylation produces detachment and self-



aggregation of tau into neurofibrillary tangles and microtubule depolymerization [24][25]. Several
independent studies have extensively characterized the tangle pathology over the past few decades.
As AD progresses, the number and size of tangles increase throughout the whole brain. The extent
and distribution pattern of tangles well correlate with the stage and degree of cognitive impairment

in AD [26][18]. The detail findings of those study fall beyond the scope of this study herein.

Alzheimer’s disease (AD): Risk Factors

The exact etiology of AD remains unclear. Only 1% of AD cases arise from known genetic
mutations in three predominant genes such as APP, presenilin 1, and 2 (reviewed by [27]). Down
syndrome patients, who have an extra APP molecule at chromosome 21, often get AD at a very
early age (reviewed by [28]). The remaining 99% of patients have no genetic component and
presumably arise through unknown environmental factors. It is thought that interaction among
genetic, environmental, and lifestyle factors for many years with the aging likely trigger changes
in the brain. Evidences suggest that the brain is particularly vulnerable to the effects of aging, as
increasing age is the greatest known risk factor for AD to date. It is generally believed that AD is
not a part of normal aging, rather the risk for AD onset increases significantly after age 65. After
age 85, the probability of AD onset is nearly 40%. Early-onset AD, or familial AD, comprises 1-
5% cases and arises through mutations in three predominant genes. In contrast, the greatest known
risk factor for late-onset sporadic AD is older age. Most studies confirmed that a family history
and carrying the ApoE4 allele increases the risk of AD. Genome-wide association studies have
identified multiple genes with single nucleotide polymorphisms or variants associating with AD,
including ABCA7, BIN1, CASS4, CD33, CD2AP, CELF1, CLU, CR1, DSG2, EPHAL,
FERMD4A, FERMT2, HLA-DRB5/DRB1, INPP5D, MS4A, MEF2C, NMES, PICALM, PLD3,

PTK2B, SLC24H-RIN3, SORL1, TRIP4, TREM2, and ZCWPW1 (reviewed by [29]). Data also



indicates an association between AD and head injury. Yet, other data demonstrate an association
between AD and infection. Cardiovascular disease risk factors, such as high cholesterol and high

blood pressure, also increase the risk to develop AD.

Alzheimer’s disease (AD): Treatment

No pharmacological treatments or therapeutic strategies delay or stop the progression of
AD. Evidence suggests that AD begins over a decade before clinical symptoms appear which
supports the importance of early intervention to modify disease progression. Current FDA-
approved drugs acetylcholinesterase inhibitor and NMDA-receptor antagonist for AD, e.g.,
donepezil, galantamine, tacrine, rivastigmine, and memantine, partially improve symptoms in
small subset of patients. Acetylcholinesterase inhibitor is used for mild to moderate cases while
NMDA-receptor antagonist used for moderate to severe dementia. Although these drugs have
demonstrated significant clinical benefit, they are unable to stop, inhibit, or reverse the core
neuropathology of AD. According to clinical trial registry, a total of 244 drugs have been tested in
clinical trial between 2002 and 2012. Among all of these drugs, only one drug received approval
from the FDA (reviewed by [30][31]). This indicates that we must develop new therapeutic targets

and develop novel treatments to address this health crisis [4].

Alzheimer’s disease (AD): Biological and pharmacological treatments

Human umbilical cord blood derived serum (HUCBS) treatment as a biological approach to
modulate AD

HUCBS: Isolation

Human umbilical cord blood-derived serum (HUCBS) was collected from umbilical cord
blood and is blood that remains in the placenta and in the attached umbilical cord, after the cord

has been detached from the newborn at the time of childbirth. HUCBS is separated from umbilical



cord blood by allowing clotting for 5-10 h in red top tubes with no anticoagulation followed by
centrifugation at 3500 rpm for 5-10 min at 4 °C. Before treatment, all the samples were passed
through a 0.22 pm pore size filter. In a recent study, we found that HUCBS produce increased
levels of sAPPa compared to the adult (ABS, 25-30 years old) or aged (AgBS, >75 years old)
blood serum in Chinese hamster ovary cells overexpressing wild-type APP (CHO/APPwt). First,
we examined the enzymatic activity of a-secretase-like enzyme in HUCBS, ABS, and AgBS by
comparing the levels of sAPPa upon treating CHO/APPwt cells. We hypothesized that HUCBS
may contain novel enzyme protein that is responsible for this effect. In order to identify the source
of the enzyme, we enriched a fraction (termed as aCBSF) with highest sAPPa producing capacity
using multi-step chromatographic separation techniques. Further investigation using LC-MS/MS
analyses showed that HUCBS-derived APP a-secretase cleavage activity is mediated by C1
complement. Infusion of aCBSF via intraperitoneal osmotic minipump ameliorates cognitive

impairments and associated-amyloid pathology in transgenic 5XFAD mouse model.

HUCBS: Anti-AD therapeutic properties of sAPPa, HUCBC, and HUCBS

HUCBC induce embryonic, post-natal, and adult neurogenesis in preclinical models [32]
and clinical study [33], and has been recommended as a treatment option for specific conditions.
A series of recent study in HUCBC in treating different neurological conditions [34][35] opened
new opportunities for AD research [36]. In our prior work in an AD mouse model, we found that
multiple low-dose peripheral infusions of HUCBC reduced amyloid plaques, cerebral vascular A
astrocytosis, and improved cognition [37]. In a subsequent study, we demonstrated that HUCBC-
derived monocytes ameliorate amyloid pathology and cognitive impairment in Tg2576 AD mouse
model [38]. Nevertheless, the possibility of causing graft versus host disease [39] and low yield of

HUCBC makes the use of this cell-based therapy less attractive in many circumstances. In a recent



work using a sophisticated parabiosis experiment, Wyss-Coray and his colleagues have showed
that blood plasma from old mice reduces neurogenesis and impairs cognitive functions in young
mice brain [40]. In a follow-up study, the same group has reversed age-related impairments by
infusing plasma from young mice into old mice [41]. We also believe that HUCBS possess anti-
AD therapeutic potential for reducing inflammation, pathology, and cognitive deficits. In our prior
study, we found that sAPPa can inhibit amyloid [42] and tau pathology [43] by modulating BACE1

and GSK3p enzyme activity.

HUCBS: Neuroprotective effect of sAPPa and HUCBS

The level of sAPPa. in the cerebrospinal fluid (CSF) and brain often serves as a predictive
biomarker for AD patients. Almost all of the animal and human studies reported lower levels of
sAPPa in AD brain compared to age-matched controls [44][45]. Many studies have reported the
protective function of sAPPa against a variety of extracellular insults in cell cultures and in vivo
models. However, the exact neuroprotective mechanisms of sAPPa that provide protection are
unclear. Overall, sSAPPa contributes to numerous protective functions in the brain including
neuroprotection [46][47], increase long-term potentiation (LTP) [48], synaptic plasticity [49],
stimulate neurite outgrowth [50][51], and proliferation of neuronal [52][53], and non-neuronal
cells [54][55], which appear to be disrupted in Alzheimer’s patients [56]. Initial studies on cultured
rat hippocampal slices showed neuroprotection against glucose-deprivation and glutamate
mediated toxicity [57]. This finding indicates that sAPPa can protects cultured neuronal cells from
excitotoxicity; this fact is further supported by increased secretion of sAPPa in response to
electrical depolarization on rat hippocampal slices. Subsequently, the sAPPa-mediated
neuroprotective mechanism in neuronal environment was identified. Using whole-cell patch-

clamp and imaging techniques, Furukawa and his colleagues have shown that SAPPa. activates K*



channel and suppress N-methyl-D-aspartate (NMDA) currents, which subsequently prevents
neuronal excitability and glutamate-induced excitotoxicity [58][59]. Barger and Mattson have
found that sAPPa decreases Ca** and NMDA currents in hippocampal neurons by elevating cyclic
guanosine monophosphate, which protect against hypoglycemic damage and glutamate-induced
excitotoxicity [60]. In line with the cell culture findings, in vivo studies confirmed the protective
function of sAPPa. One study showed that ventricular administration of sSAPPa in a rat model
reduced hippocampal neuronal cell death against ischemic [61], spinal cord [62] and traumatic
brain injury (TBI) [63][64]. Surviving neuronal cells synthesized new proteins visualized by amino
acid autoradiography in the cell bodies of hippocampal neuronal cells [64]. Another study found
that sAPPa treatment attenuated amyloid pathology, improved cognition, and motor functions in
a moderately brain-injured APP knockout mouse model [65]. Subsequent studies by the Cappai
group showed that the heparin binding site of sAPPa (amino acid residues 96-110) provides
protection against TBI [66]. In addition, signaling pathway activation followed by gene
transcription is another mechanism by which sAPPa elicits its protective function. A number of
different studies demonstrated that sAPPa activates several signaling pathways involving
phosphatidylinositol-3-kinase (PI3K)-PKB/Akt [67][68][69], nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«p) [70], extracellular signal regulated kinase (ERK) [71][67]
and inhibits stress-induced inhibition via c-Jun N-terminal kinase [72]. Moreover, sAPPa. also
activates several neuroprotective genes, such as insulin-like growth factor 2, manganese
superoxide dismutase, catalase, and transthyretin [73]. To identify the downstream effector
molecules, Hartl and his colleagues have analyzed sAPPa-induced proteome changes in primary
neuronal cell culture. The study demonstrated that sSAPPa downregulates cyclin-dependent kinase

5 expression and induces cytoprotective chaperone 150-kDa oxygen regulated protein as a



protective response [74]. Furthermore, a recent study found that sAPPa can activate an Akt
survival pathway by interacting with G-protein-coupled receptors and cell surface APP [69].
Increasing research demonstrates that blood plasma factors play an important role in age-
associated diseases, particularly in dementia and AD. In previous work, a research team led by Dr.
Wyss-Coray from Stanford University demonstrated that administration of young mouse plasma
via tail vein injection into old mice improved hippocampal learning and memory function [40].
They concluded that young blood could be a source of growth factors that might have benefited
the old mice. In a new study by the same group demonstrated that older mice received human
umbilical cord blood plasma showed improved hippocampal learning and memory function. They
then identified the specific factor in umbilical cord blood plasma that makes the old mice brain
young, and found that tissue inhibitor of metalloproteases 2 is responsible for rejuvenating
hippocampal spatial memory function in older mice [75]. Wyss-Coray and his colleagues further
compared umbilical, adult (19- to 24 year-olds) and aged (61- to 82 year-olds) blood plasma, and
found an age-associated change in several proteins. They found that these age-associated changes
in proteins might affect the hippocampal function in the brain. Recently, we found that HUCBS
contain a-secretase-like enzyme that either directly or indirectly activates a-secretase and produces

sAPPa significantly in cell culture and cell free system.

HUCBS: Anti-inflammatory effects of HUCBC

Microglia, the main immune cells in the brain, play a critical role in the etiology of several
neuroinflammatory conditions [76]. Preclinical and postmortem analyses implicate inflammatory
process as causative factor in neuronal cell death in a number of neurodegenerative diseases, such
as Multiple sclerosis [77], Parkinson’s disease [78], Bipolar disorder [79], Alzheimer’s disease

[80]. Activated microglia typically removes damaged cells from the brain either by recruiting
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soluble factors or phagocytosis [81]. But, it remains unclear whether microglia plays a beneficial
or detrimental role in diseased conditions. Current proposals state that acute microglial activation
is beneficial to eliminate pathogens and damaged cells. But, chronic microglial activation cause
damage through secretion of proinflammatory cytokines, complement proteins, and reactive
species [82]. So, suppressing inflammatory cytokines released by microglia are considered an
effective therapeutic approach in neuroinflammatory diseases. Several neuroprotective and anti-
inflammatory approaches can suppress microglial activation in the brain following inflammation.
Our prior work showed that flavonoid compounds such as luteolin [83], diosmin [84], and
epigallocatechin-3-gallate [85], have disease modifying properties through modulation of
inflammatory pathways. In recent years, our lab and others have identified the immunomodulatory
properties of HUCBC:s in several neurodegenerative conditions particularly in AD [37]. The exact
molecular mechanism behind these immunomodulatory effects of HUCBC remains unclear. More
recently, HUCBC—derived stem cells have the potential to differentiate into neuronal and glial
cells in experimental conditions. HUCBC opposes pro-inflammatory T helper cell type 1 response
and stimulate anti-inflammatory T helper cell type 2 responses in a rat stroke model [86]. HUCBC
can also reduce proinflammatory CD40-CD40 ligand interaction, which reduces AB deposition in
Tg2576 and PSAPP AD mouse models [37]. Furthermore, HUCBC reduces proinflammatory
reactive microgliosis, associated astrocytosis, and increased anti-inflammatory cytokines IL-10,
transforming growth factor 1 (TGF-B1), and NGF in the brain [37]. Like HUCBC, we believe
that HUCBS will also demonstrate its AD-modulating properties through anti-inflammatory

function.

11



lonic co-crystal of lithium salicylate I-proline (LISPRO) treatment as a pharmacological
approach to modulate AD

LISPRO: Formulation

The active pharmaceutical ingredient of LISPRO is lithium. Briefly, lithium salicylate salt
and I-proline were dissolved in hot deionized water. The resulting solution was maintained at 75-
90 °C on a hot plate. The colorless crystal formed in the plate after slow evaporation of solvent.
Lithium is a divalent cation with the anion being salicylic acid, which is a derivative of acetyl
salicylic acid (aspirin). The amino acid I-proline works as a coformer. In vivo pharmacokinetics
data showed that LISPRO produced very steady lithium plasma and brain lithium levels for 48 h

compared to lithium carbonate in Sprague Dawley rat model [87].

LISPRO: Anti-AD therapeutic properties of lithium

Diverse preclinical studies provide consistent evidence supporting the neuroprotective
effects of lithium to prevent neurodegenerative diseases, including AD. Several mechanisms may
underlie lithium’s potential neuroprotective efficacy for AD. One important mechanism is that
lithium inhibits certain enzymes in a noncompetitive manner by displacing the required divalent
cation, magnesium [88]. Klein and Melton identified GSK3 as a key molecular target of lithium
[89]. In the context of AD, this enzyme phosphorylates tau at most of the serine and threonine
residues in the paired helical filaments. GSK3 activity contributes both to A production and Ap-
mediated neuronal cell death [90]. Therapeutic doses of lithium block production of Af by
interfering with APP cleavage at the y-secretase step without inhibiting Notch processing by
targeting GSK3a [91]. Lithium also blocks AP accumulation in brains of mice overexpressing
APP by inhibiting GSK3p, which further implicates its requirement to process APP [92]. Since
GSK3p also phosphorylates the tau protein, inhibition of GSK3p offers a new approach to reduce
the formation of both B-amyloid plaques and neurofibrillary tangles. Interestingly, lithium

12



treatment can prevent prefibrillar tau-aggregates in double transgenic mice that overexpress
GSK3p and tau with a triple frontotemporal dementia with parkinsonism-17 (FTDP-17) mutation

[93].

LISPRO: Neuroprotective effects of lithium

Lithium induces its cellular and molecular effects by activating neurotrophic and
neuroprotective pathways and its associated signaling mechanisms [94]. These neuroprotective
effects are secondary to the two main effects, inhibition of GSK3f and inositol phosphatase. As
GSK3p induces amyloid and tau pathology, lithium-induced inhibition of GSK3p offers a novel
approach to modulate formation of both amyloid plaques and neurofibrillary tangles. More
specifically, lithium inhibits GSK3f in a noncompetitive fashion by displacing the divalent cation,
Mg?* [95]. Lithium can modify cyclic adenosine monophosphate (CAMP)-mediated signaling by
increasing adenylyl cyclase and protein kinase A (PKA), which subsequently activates the nuclear
transcription factor CAMP response element binding protein (CREB) and increases brain derived
neurotrophic factor (BDNF) expression. In addition, it has been demonstrated that chronic
administration of lithium upregulates BDNF expression in rat and human studies. Increased BDNF
activity may restore learning and memory function through neurogenesis and LTP. Binding with
tropomyosin receptor kinase B receptor, BDNF activates extracellular signal-regulated
kinase/mitogen-activated protein kinase (ERK/MAPK) signaling pathway which inhibit GSK3f3
and pro-apoptotic Bcl-2-associated death promoter protein (BAD). This signaling further increases
nuclear CREB expression, which subsequently stimulates expression of anti-apoptotic bcl-2 and
neuroprotective BDNF through feedback mechanisms. Mitochondrial bcl-2 inhibits BAD protein
and also inhibits calcium and cytochrome c release into the cytoplasm. Lithium exerts

neuroprotection by inhibiting inositol phosphatase enzymes, which regulate cellular inositol
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triphosphate (IP3) levels. IP3 acting as a second messenger regulates several cellular processes
through calcium signaling pathways. Lithium also downregulates calcium release from the
endoplasmic reticulum (ER) via the IP3 pathway, which increases bcl-2 levels and prevents
activation of apoptotic pathways. Another neuroprotective mechanism of lithium is attenuating
pro-inflammatory cytokine generation, like IL-1B and TNFa, in activated microglia. This is
particularly significant since inflammation commonly occurs in AD (reviewed by [94]) [Figure.

1-2].

LISPRO: Anti-inflammatory effects of lithium

Increasing evidence suggests that inflammation plays a key role in the pathological
processes in AD. Among multiple mechanisms of action that underlie lithium’s therapeutic
efficacy, anti-inflammatory effects of lithium play a critical role in preventing several
inflammatory brain diseases including AD. As lithium has multiple targets in the brain, it is unclear
which target mediates its therapeutic efficacy in a specific condition. The arachidonic acid-
prostaglandin pathway contributes to brain inflammation and anti-inflammatory treatment of AD
[96]. Several lines of evidence demonstrated anti-inflammatory properties of lithium by
modulating prostaglandin pathways [97]. Lithium can reduce COX2 expression and
lipopolysaccharide induced prostaglandin E2 production and also increases anti-inflammatory 17-
hydroxy-docosahexanoic acid in different parts of the brain in preclinical models and primary cell
cultures [98][99][100]. However, other studies reported either no effect or increased COX2
expression in other tissue sites of action [101][102]. Nitric oxide (NO) is an important signaling
molecule involved in multiple cellular processes. The NO pathway is implicated in brain
inflammation [103]. Other studies showed that lithium treatment enhances nitric oxide synthase

expression and NO production [104][105]. However, most studies demonstrated that lithium
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inhibits nitric oxide synthase-nitric oxide inflammatory pathway [106][107]. Tumor Necrosis
Factor-a (TNF-a), IL-1pB, IL-4 and IFN-y are major pro-inflammatory cytokines involved in neural
inflammatory processes. Some studies indicate that lithium stimulates TNF-a production
[108][109]. However, most studies showed that lithium significantly inhibits TNF-a synthesis in
the brain [110][111][112]. Similar to TNF-a, most of the studies showed that lithium can inhibit
IL-1p [113], IL-4 [114] and IFN-y [115] synthesis. IL-2 and 1L-10 are important anti-inflammatory
cytokines found in the human immune system. Numerous studies found that lithium increases IL-
2 [116][117], and IL-10 [118] synthesis, indicating a profound anti-inflammatory effect for
lithium. Lithium also can modulate other inflammatory markers, such as IL-1a, IL-1 receptor
antagonist, IL-3, IL-6 and IL-17. As very few studies have investigated the effect of lithium on
these mediators, no conclusive findings available in this context. Several studies investigated the
effects of lithium on microglial expression and function in the brain [119][120]. Lithium inhibits
microglial and astrocytes activation in a mouse model of AD [121]. GSK3p dysregulation plays a
critical role in the development of several inflammatory diseases including AD [122]. The exact
anti-inflammatory therapeutic mechanism of action of lithium remains unclear. Accumulating
evidence suggests that GSK3[3 enhances the activity of transcription factor NF-«f, which increased
inflammatory processes in animal models [123]. Pharmacological inhibition of GSK3p attenuated
inflammatory NF-kf activity and pro-inflammatory cytokine production under different
experimental conditions [124]. In fact, GSK3p phosphorylates NF-kf3 and accelerates proteasomal
degradation of this transcription factor. Inhibiting NF-«p activation by GSK3p further suppressed
LPS-induced TNF-a, COX2 and nitric oxide synthase expression [110][125]. Inhibiting GSK3
activity by lithium downregulates the pro-inflammatory cytokine signal transducer and activator

of transcription (STAT) pathway [126]. Taken together, the above findings indicate that lithium
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suppresses inflammatory pathways in many experimental conditions. Despite these anti-
inflammatory potential, many other studies show that lithium has pro-inflammatory effects in the
cells. Further studies will elucidate the effects of lithium on inflammation. Our studies should also
investigate the inflammatory effects of the related compound, salicylic acid, a derivative of aspirin

and further investigate whether it will enhance the anti-inflammatory effects of LISPRO in AD.

Rationale: GSK3p is a target for both sAPPa and lithium

GSKa3 is a serine/threonine protein kinase initially identified as playing a key role in
glycogen metabolism [127]. The phosphorylation state and growth factor signaling regulate
GSK3p activity, as phosphorylation at tyrosine 216 increases [128] and serine 9 residue decreases
[129] its activity. GSK3p kinase has many different kinds of physiological functions in neuronal
cells. GSK3p has specific functions during neuronal development [130], neuronal apoptosis
[131][132], and synaptic dysfunction [133]. Partial inhibition of GSK3p using various approaches
showed positive effects in different pathologies including psychiatric disorders and is now
recommended as treatment for specific conditions [134][135]. Since GSK3 induces both amyloid
formation and tau hyperphosphorylation [136], it acts as a bridge between amyloid and tau
pathology [137][138]. Partial inhibition of GSK3 signaling significantly reduced AP deposition,
plaque formation, and rescued memory deficits in a double transgenic AD mouse model [134].
GSK3p also induces tau phosphorylation in various different conditions [139]. So, inhibition of
GSK3p emerged as a putative therapeutic target option for AD. Numerous studies identified
different modulators that can modulate Ap and tau hyperphosphorylation. However, in vitro and
in vivo studies show that not many of these modulators can reduce both amyloid and tau
pathologies together. A potential agent that modulates both amyloid and tau pathologies together

will be a promising therapeutic tool for the treatment of AD.
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Our recent laboratory data demonstrated that sAPPa producing capacity of HUCBS is not
mediated by ADAM and ADAM17 (TACE) metalloprotease function in cell culture and cell free
system. Alpha (o) -secretases are members of the ADAM family of proteins with cysteine-rich,
disintegrin, and zinc metalloproteinase domains in their ectodomain [140]. Two members of this
family e.g., ADAM10 and ADAM17 are primarily responsible for the a-secretase activity [141].
Both ADAM10 and ADAM17 can cleave several transmembrane proteins and promote tumor
growth in the cell [142]. ADAML1O0, in particular, cleaves various transmembrane proteins in the
vascular system, including the platelet-activating collagen receptor glycoprotein VI [143][144]
and endothelial transmembrane proteins CX3CL1 and CXCL16 [145]. Inhibition of ADAM10 is
a potential therapeutic target for prevention of cancer and inflammation. ADAML17 is responsible
for TNFa secretion [146], and act as a therapeutic target in cancer, inflammatory, and vascular
diseases. AD is the only disease where increasing a-secretase activity is favorable. The cleavage
of substrates other than APP seems the primary obstacle to enhance a-Secretase enzymatic activity
in AD therapeutics [147]. Thus, we hypothesized that HUCBS treatment as a novel biological
approach will modulate pathology and cognitive impairments in cell culture and AD mouse models
by restoring sAPPa, and other neurotrophic growth factors. Our prior work and others have
demonstrated that sAPPa-mediated inhibition of BACEL activity reduces -amyloid [42], and
GSK3B-mediated inhibition of BACE1 expression reduces AD-like pathology. Further, a recent
study using human primary neurons from sporadic AD patients showed that purified neurons
treated with B-secretase inhibitors, but not y-secretase inhibitors, significantly reduced phospho-
tau (Thr231) and GSK3p levels. These results suggest a direct relationship between APP
proteolytic processing, but not AP, in GSK3 activation and tau phosphorylation in human neurons

[148]. Additionally, we have demonstrated that sAPPa reduces GSK3p-mediated tau
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phosphorylation in cell culture and transgenic mouse overexpressing sAPPa crossed with PSAPP
mice [43]. As sAPPa can reduce both amyloid and tau pathology, we hypothesized that restoring
sAPPa with HUCBS will reduce both amyloid and tau pathology in AD preclinical mouse models.
Taken together, we believe that HUCBS-derived a-secretase will provide a novel therapeutic tool

to treat AD through production of sAPPa, and other neurotrophic factors [Figure 1-3].

Lithium inhibits GSK3p activity by competitively inhibiting magnesium (Mg?*) [95] and
increasing inhibitory GSK3 (Ser9) phosphorylation through activation of protein kinase B/Akt
signaling pathway. One of the main limitations of lithium pharmaceutics (carbonate and citrate) is
that they have narrow therapeutic window 0.6-1.5 (mmol/L or mEg/L). The therapeutic ranges are
based on the steady-state plasma lithium concentrations found 12 h after a dose. In addition, a
plasma lithium level of (> 1.5 mmol/L) or more is associated with serious toxicity. To improve
therapeutic efficacy and reduce inflammation, one of our collaborators at University of South
Florida investigated the pharmacokinetics of lactate, salicylate, and carbonate salts of lithium
[149]. The study data indicated that lithium carbonate produces a very sharp peak and rapid
elimination with undetectable levels at 48 h in Sprague Dawley rat model. This results explains
the required multiple administrations of lithium carbonate to reach the target therapeutic
concentration. In contrast, lithium salicylate produced elevated plasma and brain levels of lithium
at 48 h after administration without any sharp peak. The hygroscopic property of parent lithium
salicylate inspired to modify this salt using crystal engineering technology, and made an ionic
cocrystal of lithium salicylate with amino acid I-proline (abbreviated as LISPRO or LP) [87].
Together, we believe that LISPRO will ameliorate Alzheimer’s like 3-amyloid and associated
pathologies through inhibition of GSK3f and anti-inflammatory cytokines stimulation [Figure 1-

4].
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Hypothesis and project aims

In this study, we propose to explore the therapeutic efficacy of biological HUCBS (Aim 1
& 2) and pharmacological LISPRO (Aim 3 & 4) treatment in cell culture and AD mouse models
in stated aim below.
Aim 1, Identify and characterize novel APP specific a-secretase enzyme from HUCBS. Aiml
outcome, we expect that the proposed studies using separation techniques such as chromatography,
centrifugation, and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) will

isolate a-secretase enzyme from HUCBS.

Aim 2, Investigate whether aCBSF derived from HUCBS ameliorates AD pathology and cognitive
impairments in AD mouse models. Aim 2 outcome, we expect that aCBSF administration will

ameliorate pathology and cognitive impairment in transgenic AD (5XFAD, 3XTg-AD) mice.

Aim 3, Investigate and compare the safety, pharmacokinetics, and therapeutic efficacy of LISPRO
treatment with carbonate and salicylate lithium salts in cell culture and rodent models. Aim 3
outcome, we expect that LISPRO treatment will showed better safety profile compared to lithium
carbonate through inhibition of inflammatory COX2. We also expect that LISPRO will show
stable lithium levels in the blood plasma compared to lithium carbonate in rodent models. Finally,
we also expect that LISPRO treatment will reduce amyloid and tau pathology in transgenic Tg2576

and 3XTg-AD mouse models through inflammatory pathway inhibition.

Aim 4, Examine and compare the effect of LISPRO treatment in improving cognitive- and non-
cognitive behavioral impairments in transgenic APPswe/PS1dE9 AD mice with carbonate, and
salicylate salt of lithium. Aim 4 outcome, we expect that LISPRO treatment will prevent cognitive

and non-cognitive functional decline in transgenic APPswe/PS1dE9 AD mouse model.
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Figure 1-1 Schematic diagram of amyloid precursor protein (APP, middle) processing

pathways and cleavage products.

C83 (not shown).

The non-amyloidogenic APP processing pathway (upper) involves cleavages by a- and y-
secretases. Sequential cleavage of APP by a-secretase generates SAPPa and c-terminal fragment
The subsequent cleavage of C83 by y-secretase complex generate APP
intracellular domain (AICD) and a short fragment called P3. The amyloidogenic APP processing
pathway (lower) involves cleavages by B- and y-secretases. Cleavage of APP by B-secretase
generate SAPPP and c-terminal fragment C99 (not shown). Subsequent cleavage of C99 by y-
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secretase complex generate toxic species Ap (40 or 42, depends on the cutting site) and AICD.
This is termed as amyloidogenic pathway due to generation and accumulation of AB species into
plaque inside the brain. In addition to a-, - and y-secretases cleavage, APP is cleaved by
metalloprotease meprin [, generating soluble N-terminal truncated APP (N-APP) or AP2.x
variants. In addition to meprin B cleavage, the cleavage of APP by several matrix
metalloproteinases such as MT5-MMP, referred to as m-secretase, releases a long-truncated
ectodomain (sAPPn) and a membrane-bound carboxy-terminal fragment (CTF), termed CTFn.
The membrane-bound CTFn is further cleaved by a- and - secretases and release a long (An-o)
and a short (An-PB) peptide, respectively.

[Note to reader: Adapted from Habib et al., 2017 [56], Restoring Soluble Amyloid Precursor
Protein a Functions as a Potential Treatment for Alzheimer’s Disease. Journal of Neuroscience
Research 2017; 95(4):973-991 with permission from Wiley Periodicals, Inc. © Copyright 2016.]
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Figure 1-2 Neurotrophic and neuroprotective pathways targeted by lithium.

BDNF receptor (Trk-B) activation activates the ERK/MAPK pathway, which inhibits GSK3p and
BAD protein. This activation increases the expression of CREB, which facilitates the expression
of neuroprotective proteins such as bcl-2, and BDNF. Mitochondrial bcl-2 inhibits pro-apoptotic
activation of BAD, and subsequent mitochondrial increases of calcium influx and cytochrome ¢
release. Dysregulated intracellular calcium levels, may increases the risk of apoptosis, have been
associated with the pathophysiology of bipolar disorder. Lithium downregulates endoplasmic
reticulum (ER) calcium release via an IP3 receptor dependent pathway also increases bcl-2
expression, which improves mitochondrial stability and prevents activation of apoptotic pathway.
IMPase directly inhibited by lithium, recycles IP3. In addition, cellular signaling through Wnt
glycoproteins and frizzled receptors inhibits GSK3p. Lithium’s inhibition of GSK3 prevents j3-
catenin phosphorylation and stimulates its translocation to the nucleus, and activating transcription
of neurotrophic and synaptogenesis genes. Lithium also indirectly inhibits PKC.

[Note to reader: Adapted from Quiroz et al., 2010 [94]. Novel Insights into Lithium’s
Mechanism of Action: Neurotrophic and Neuroprotective Effects; Neuropsychobiology (2010) 62
(1):50-60; with permission from S. Karger AG, BASEL]
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Figure 1-3 Hypothesized pathways for sAPPa-mediated reduction of amyloid and tau
pathology

Soluble amyloid precursor protein alpha (sAPPa) increases GSK3p inhibitory phosphorylation
(decrease GSK3p activity) by inhibiting BACE1 and followed by reduction of tau
phosphorylation. sAPPa mediated BACEL inhibition also results in a decrease of AB production
and amyloid plaque load.

[Note to reader: Adapted from Deng & Habib et al., 2015 [43], Soluble Amyloid
Precursor Protein o Inhibits Tau Phosphorylation through Modulation of GSK3p Signaling
Pathway. Journal of Neurochemistry 2015; 135: 630-637 with permission from John Wiley &
Sons, Inc. Copyright © 1999-2018.]
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Figure 1-4 Schematic illustration of the lithium targeted cellular and molecular mechanism
by activating several neurotrophic and associated signaling in Alzheimer’s disease.

Lithium inhibit GSK3 (both a and B isoforms) and inositol mono/polyphosphatase (IMPase,
IPPase) activity. The inhibition of GSK3 by lithium reduces tau phosphorylation and production
of AP peptides by interfering y-secretase cleavage of APP processing. In addition, inhibition of
inositol monophosphatase by lithium may regulate clearance of aggregated phosphorylated tau and
AP peptides. Moreover, lithium increases the expression of BDNF, which activates the
ERK/MAPK pathway and further increases the expression of nuclear transcription factor cAMP
response element (CREB). Accordingly, activation of BDNF may up-regulates neurogenesis and
down-regulates pro-inflammatory responses (IL-1p, and TNFa) in Alzheimer’s disease

[Note to reader: Adapted from Habib et al., 2017 [150], LISPRO mitigates p-amyloid and
associated pathologies in Alzheimer’s mice. Cell Death & Disease 2017; 8(6): €2880]
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CHAPTER 2

Human umbilical cord blood serum derived a-secretase: Functional testing in
Alzheimer’s disease mouse models

Permission statement

The information in chapter 2, “Human umbilical cord blood serum derived a-secretase:
Functional testing in Alzheimer’s disease mouse models™ has been legally reproduced under the
Creative Commons Attribution (CC-BY) license. This means the publication is accessible online

without any restrictions and can be re-used in any way subject only to proper citation.

Habib A, Hou H, Mori T, Tian J, Zeng J, Fan S, Giunta B, Sanberg PR, Sawmiller D, Tan J
Human umbilical cord blood serum derived a-secretase: Functional testing in Alzheimer’s disease

mouse models. Cell Transplantation (2018); Jan 1: doi: 10.1177/0963689718759473

Chapter synopsis

Alzheimer’s disease (AD) is an age-related disorder that affects cognition. Our previous
studies showed that the neuroprotective fragment of amyloid procurer protein (APP) metabolite,
soluble APPa (sAPPa), interferes with B-site APP cleaving enzyme 1 (BACE1, B-secretase)
cleavage and reduces amyloid-p (AB) generation. In an attempt to identify approaches to restore

sAPPa levels, we found that human cord blood serum (CBS) significantly promotes sAPPa
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production compared with adult blood serum (ABS) and aged blood serum (AgBS) in Chinese
hamster ovary cells stably expressing wild-type human APP (CHO/APPwt). Interestingly, CBS
selectively mediated the a-secretase cleavage of human neuron-specific recombinant APPggs
(FAPPegs) in a cell-free system with independent from TNFa converting enzyme (TACE) [a
disintegrin and metalloproteinase domain-containing protein 17 (ADAM17)] and ADAM.
Subsequently, using three-step chromatographic separation techniques (i.e., diethylaminoethanol,
size exclusion, and ion-exchange chromatography), we purified and ultimately identified a CBS
specific fraction with enhanced a-secretase catalytic activity (termed aCBSF), and found that
aCBSF has more than 3,000 fold increased o-secretase catalytic activity compared with the
original pooled CBS. Furthermore, intracerebroventricular injection of aCBSF markedly
increased cerebral sAPPa levels together with significant decrease in cerebral AP production and
abnormal tau (Thr?Y) phosphorylation compared with AgBSF treatment in 3XTg-AD mice.
Moreover, aged blood serum fraction with enhanced o-Secretase activity administered
intraperitoneally to 5XFAD mice via an osmotic mini pump for 6 weeks ameliorated B-amyloid
plaques and reversed cognitive impairment measures. Together, our results propose necessity for
the further study aimed at identification and characterization of the-a-secretase in CBS for novel

and effective AD therapy.

Background

The neuropathological hallmarks of AD that differentiate it from other dementia include:
extracellular B-amyloid plagues composed largely of amyloid-f (AB) peptides [1] and intracellular
neurofibrillary tangles (NFTs) composed of the hyperphosphorylated microtubule associated
protein tau [2]. Successive cleavage of APP by - and y-secretases produce A peptides of variable

length (APx-40, 42), soluble APPB (sAPPf), membrane-bound B-C-terminal fragment (3-CTF, C99),
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and APP intracellular cytoplasmic/C-terminal domain (AICD) [6]. The AP peptide fragments,
which accumulate as plaques in the brain, induce neuroinflammation, synaptic dysfunction, and
neuronal cell death that affects cognitive function [11]. In contrast, most of the APP is cleaved by
a- and y-secretases which not only precludes AP generation but also produce a secreted soluble
APPa (sAPPa), membrane-bound a-C-terminal fragment (a-CTF, C83), P3 peptide and AICD [5].
Overall, sAPPa has been shown to be involved in numerous physiological functions in the brain,
which appear to be interrupted in AD. Several studies have shown that neurotrophic fragment
sAPPa not only prevents A} generation [42] and tau phosphorylation [43] but is also known to be
a neuroprotective APP metabolite, including but not limited to proliferation, neurite outgrowth,
and long term potentiation [56][151][152]. Thus, we hypothesized that therapeutic interventions
or approaches that has potential to produce sAPPa markedly could improve AD pathology and

cognitive function.

Several studies have shown that human umbilical cord blood cell (HUCBC) has therapeutic
potential in numerous age-related neuroinflammatory conditions, including AD. In line with those
studies, we showed that single as well as multiple low-dose infusion of HUCBC significantly
reduced amyloidogenic APP processing, AP and B-amyloid plaque accumulation, glial
neuroinflammation, and cognitive impairments in preclinical AD mice models [37][153].
Additionally, HUCBC treatment changed microglial phenotypes from pro-inflammatory to anti-
inflammatory, increased microglial Ap phagocytosis, increased anti-inflammatory cytokines in the
brain [i.e., interleukin-10 (IL-10), transforming growth factor B1 (TGF1), and nerve growth factor
(NGF)], and reduced CD40-CD40L interaction that is important for A-induced pro-inflammatory
microglial activation [38]. To identify the specific HUCBC responsible for this neuroprotective

effect, we found that cord blood-derived monocyte reduces p-amyloid pathology and improves
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cognition with much more effectively than monocyte-deficient cord blood in AD mouse model
[38]. In line with the findings of above studies, several recent reports underscored the role of young
blood and/or plasma in aging and age-associated neurodegenerative conditions. Among those,
Wyss-Coray and other labs have reported that exposing old mice to a young systemic environment
by parabiosis increased synaptic plasticity, improved pathology, and behavioral recovery such as
contextual fear conditioning and spatial learning in old mice. More interestingly, they also found
that it is not the blood cells rather the soluble factors are getting into the mice brain. They pooled
plasma from young mice as well as young human and injected into old mice, which successfully
rejuvenated old mice brain structure and cognition tested by Barnes maze memory test
[41][154][155][156][157]. In a follow-up study, they showed that human cord blood plasma as
well as plasma enriched in tissue inhibitor of metalloproteinases 2 improves synaptic plasticity and
hippocampal dependent cognitive function in old mice [75].

Based on our preliminary laboratory findings, we hypothesized that human cord blood
serum (CBS) possesses novel APP-specific a-secretase-like enzyme, reflected by marked
production of sAPPa level. As CBS contains many different small molecules, growth factors,
proteins, inhibitors, hormones, enzymes, and other unknown substances, we also hypothesized that
infusion of characterized CBS fraction will ameliorate AD-like pathology and cognitive
impairments in mouse models. Here, we show that CBS markedly enhanced sAPPa production in
Chinese hamster ovary (CHO) cells stably expressing wild-type human APP (CHO/APPwt cells)
as well as mediated a-secretase cleavage of human neuron-specific APPggs (FAPPsgs) in a cell-free
system, which effects are not seen with normal adult or aged blood serum (ABS or AgBS).
Additionally, we have been successfully able to characterized a CBS fraction with enhanced a-

secretase-like catalytic activity (refer to aCBSF) using sequential DEAE-affinity column, size-
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exclusion, and anion-exchange chromatographic fractionation processes. Moreover, we found that
aCBSF infusion increased sAPPa levels, decreased AP production/pB-amyloid plaque formation,
prevent neuronal loss and abnormal tau (Thr?3) phosphorylation in the cortex, and improved
cognitive function in Alzheimer’s mouse models. Our findings indicate that CBS fraction with

enhanced a-secretase-like activity holds immense therapeutic potential for treatment of AD.

Materials and methods

Reagents and antibodies

CBS was obtained from Lee Biosolutions (St. Louis, MO, USA) and human umbilical cord
blood plasma (CBP) was obtained from STEMCELL Technologies Inc. (Vancouver, BC, V5Z
1B3, Canada). Human Cord Blood is aspirated from the umbilical cord vein into a cord blood
collection bag containing citrate-phosphate-dextrose as an anticoagulant. Individual lot of cord
blood plasma (CBP) is prepared from a single cord blood sample. Three to five different lots of
CBP samples were pooled in as “pooled cord blood plasma”. CBP is separated from umbilical
cord blood centrifugation at 3500 rpm for 5-10 min. CBP is aliquoted and frozen at -20°C first,
and then transferred to a -80°C freezer after 24 h at 4°C. There is no placement into -80°C for a
snap freeze. Frozen CBP are not heat inactivated. There is no analysis performed to determine the
number of platelets in each sample, therefore the plasma cannot be specifically characterized as
'low platelet' or 'platelet poor' plasma. Frozen CBP samples were thawed in a 37°C water bath
before used in experiment. Cord blood serum (CBS) was collected from umbilical cord blood and
is blood that remains in the placenta and in the attached umbilical cord, after the cord has been
detached from the newborn at the time of childbirth. CBS is separated from umbilical cord blood
by allowing clotting for 5-10 h in red top tubes with no anticoagulation followed by centrifugation

at 3500 rpm for 5-10 min at 4°C. CBS sample was passed through a filter membrane with a pore
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size of 0.22 pm. Individual CB serum was prepared from a single sample. More than ten serum
samples of CBS were pooled in as “pooled cord blood serum”. Normal human adult blood serum
(ABS, 25-30 years old) and aging blood serum (AgBS, >75 years old) as well as their plasma (ABP
and AgBP, respectively) were obtained from Florida Blood Services (Tampa, FL, USA).
Antibodies include: specific anti-sAPPa monoclonal antibody (2B3; IBL, Minneapolis, MN, USA,
Cat# 11088 RRID: AB_494690), anti-APP C-terminal polyclonal antibody (pAb751/770; EMD
Millipore, La Jolla, CA, USA, Cat# 171610, RRID: AB_211444), anti-APP N-terminal
monoclonal antibody (22C11; Merck Millipore, Billerica, MA, USA, Cat# MAB348B, RRID:
AB_11204540), anti-N-terminal Ap monoclonal antibody (6E10; Covance Research Products,
Emeryville, CA, USA), anti-AB1s-26 monoclonal antibody (4G8; Covance Research Products, Cat#
SIG- 39200, RRID: AB_10175149), anti-phospho-tau antibody (Thr?3l; Merck Millipore, Cat#
AB9668, RRID: AB_570891), anti-DDK antibody (Cell Signaling Technology, Danvers, MA,
USA, Cat# 2908, RRID: AB_1905079), anti-NeuN antibody (Merk Millipore, Cat# ABN90,
RRID: AB_11205592), and anti-p-actin monoclonal antibody (Sigma-Aldrich, St. Louis, MO,
USA, Cat# A5316, RRID: AB_476743). Human recombinant full-length APPsgs (FAPP, 100 ng)-
tagged with C-terminal MYC/DDK was purchased from OriGene Technologies, Inc. (Rockville,

MD, USA).

Cell culture

Chinese hamster ovary (CHO) cell line with stable expression of human wild-type APP
(CHO/APPwt) was a generous gift from Drs. Stefanie Hahn and Sascha Weggen (University of
Heinrich Heine, Dusseldorf, Germany). At the beginning of the experiment, CHO/APPwt cells
were genotyped and confirmed the genetic make-up. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate
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and 100 U/mL of penicillin/streptomycin. For treatment, the cells were plated in a 24-well plate
at 2 x 10° cells /well for overnight incubation, washed and treated with CBS (0-10%), Inact CBS
(5%), ABS (0-10%), AgBS (0-10%), or aCBSF (0-1%) in DMEM. After treatment, supernatants
were collected and the cells were washed with ice cold PBS 3X and lysed with cell lysis buffer (20
mM Tris, pH 7.5, 150 mM NaCl, 1mM EDTA, 1 mM EGTA, 1% v/v Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM B-glycerolphosphate, 1 mM NasVVO4, 1 ug/mL leupeptin, and 1 mM
PMSF) (Cell Signaling Technology). Both cell supernatants and lysates were used for sAPPa
analysis by ELISA. For immunoprecipitation, 100 ng of fAPPgos was incubated with aCBSF at
37°C for 1 h and then the sAPPo/aCBSF-derived immune complex was immunoprecipitated using
2B3 sAPPa specific antibody or anti-DDK antibody. The supernatants were then collected and

used for treatment of CHO/APPwt cells.

Cell-free a-secretase assay

In order to determine the oa-secretase activity of CBS reflected by sAPPa level, human
recombinant full-length APPegs tagged with C-terminal MYC/DDK (fAPPggs, 100 ng; OriGen
Biomedical, Austin, TX, USA) was incubated with CBS, heat inactivated CBS (inact CBS, 56°C
for 30 minutes), AgBS, fetal bovine serum (FBS), or aCBSF at 37°C for 5 h in the presence or
absence of protease inhibitor cocktail (PI, 1X; Sigma-Aldrich), TNFa converting enzyme (TACE)
inhibitor [(TAPI-0, 1 uM; abcam, Cambridge, MA, USA), or a disintegrin and metalloproteinase
domain-containing protein (ADAM) inhibitor (GM6001, 1 uM; Sigma-Aldrich)]. The reaction
mixtures were then subjected to Western blot (WB) analysis for APP a-secretase processing. In
addition, TACE and ADAMI10 cleavage activity of aCBSF was determined using TACE
(AnaSpec, Fremont, CA, USA) and ADAM10 cleavage activity kits (AnaSpec), according to

manufacturer’s instructions.
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CBS fractionation

Next, in order to purify and characterize the o secretase in - CBS or AgBS, the Econo-Pack
Serum 1gG purification kit, and 10DG columns (Bio-Rad, Philadelphia, PA, USA) were initially
employed to remove highly abundant 1gG and salts. The desalted serum was applied to DEAE
Affi-Gel blue columns and residual IgG was eluted according to the instructions. Then 20
additional protein fractions were collected by eluting with an ionic strength gradient of NaCl buffer
ranging from 0.1 M to 2.0 M. The remaining proteins on the column were eluted by the
regeneration buffer included in the kit and collected as the regeneration fraction. The 0.8 M NaCl
eluted protein fractions were combined together and sent to Moffitt Cancer Center Protein
Purification Core for further separation by size exclusion chromatography, employing analytic
Superdex 200 columns and eluting with PBS, and ion-exchange chromatography, employing Q-
Sepharose columns and eluting with 500 mM NaCl, 50 mM Tris, pH 7.6. The final enzyme
containing fractions were exchanged to PBS buffer by Ultracel-10 membranes (10 kDa, Merck

Millipore) for further experimentation and referred to as aCBSF or AgBSF.

Animal models

Both 5XFAD [MMRC Stock No: 34840-JAX; RRID IMSR_JAX: 006554] and 3xTg
[MMRC Stock No: 34830-JAX] mice of male and female were purchased from Jackson laboratory
(Bar harbor, Maine, USA). In this preclinical study to investigate whether CBS fractionation
changes AD-like pathology and associated behavioral deficits, five-month old 5XFAD mice were
used that harbor five mutations [APP KM670/671NL (Swedish), APP 1716V (Florida), APP V717l
(London), PSEN1 M146L, and PSEN1 L286V] [158], rapidly develop AD-like pathology
including accumulation of high levels of extracellular f-amyloid plaques, neurodegeneration, and

behavioral impairments. In order to investigate whether CBS fractionation administration changes
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both AP and tau phosphorylation, 3XTg-AD mice were used which harbor presenilin-1
(PS1/M146V), APP (KM670/671NL), and tau (P301L) mutants. These mice progressively
develop p-amyloid and NFT pathology which potentially synergize to accelerate
neurodegeneration by 6 months of age [159]. At the beginning of the experiment all mice were
confirmed as mutant by PCR. One male and four female mice were housed in a single cage
separately. All animal experiments were performed in accordance with the guidelines of the
National Institutes of Health and were approved by USF Institutional Animal Care and Use
Committee (IACUC reference number: 1IS00000438). Transgenic mice used for aging studies may
exhibit signs such as ruffled hair coat, hair loss, excessive weight gain and/or loss. When one of
these signs is observed, mice will be monitored more closely and will be weighed twice weekly.
Mice exhibiting multiple clinical signs or showing >20% weight loss will be excluded from the
study. As per our previous practice, if a mouse appears overtly sick or in pain as indicated by
ruffled, matted, or dull hair, hunched back or head pressing, failure to move about the cage, failure
to respond to stimuli, rapid, shallow, labored breathing, twitching or trembling, or to experience
seizure, a veterinarian will be consulted in order to ensure timely intervention and treatment, or
removal from the study. All mice were maintained on a 12-h light/12-h dark cycle at ambient
temperature and humidity and housed in the Morsani College of Medicine Animal Facility at the

University of South Florida (USF) with ad libitum access to food and water.

Stereotaxic intracerebroventricular injection

In order to determine whether aCBS fraction could modify A and tau pathology, cohorts
of seventeen (n = 17, 94/8%) triple transgenic 3XTg-AD mice were arbitrary anesthetized with
isoflurane (2 - 3% induction, 1% maintenance). After reflexes were checked to ensure that mice

were unconscious, they were positioned on a stereotaxic frame (Stoelting Lab Standard™, Wood
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Dale, IL, USA) with ear-bars positioned and jaws fixed to a biting plate. The axis coordinates
were taken from a mouse brain atlas, and the needle of a Hamilton microsyringe was implanted
into the left lateral ventricle delimited from the stereotaxic coordinates (coordinates relative to
bregma: —0.6 mm anterior/posterior, +1.2 mm medial/lateral, and —3.0 mm dorsal/ventral) using
the stereotaxic device. aCBSF (0.5 pg/mouse, n = 6, 33/3%),), AgBSF (0.5 pg/mouse, n = 6,
34/3%),) and PBS (1 pL/mouse, n = 5, 33/2%9),) were administered at 1 pL/minute. After
administration, the syringe was removed slowly to prevent bleeding and further brain damage.
The lesions were closed with 1-2 staples and observed until anesthesia had cleared. Seventy two
hour after the intracerebroventricular (i.c.v.) injections animals were sacrificed with isoflurane,
then transcardially perfused with ice-cold PBS, and brains were harvested for biochemical,

histochemical, and immunohistochemical analyses.

Intraperitoneal administration with an osmotic mini pump

Mice were labeled using tail tattooing by veterinarian who was blinded about the entire
experiment. In order to determine whether CBS fractionation changes AD-like pathology and
associated behavioral deficits, cohort of even-number labeled 5XFAD mice were randomly
assigned into two experimental groups of six mice each, receiving aCBSF (n = 6, 37/3%), or
AgBSF (n = 6, 37/39Q) treatment by an Alzet® osmotic mini pump (Alzet 2004, DURECT
Corporation, Cupertino, CA, USA). A third group of WT control mice was received to aCBSF (n
= 6) by the same administration route. Mice were briefly anesthetized with isoflurane as
previously, an area of the abdomen was shaved, a 1-cm abdominal incision was made and an
Alzet® osmotic mini pump filled with 100 uL of CBSF, or AgBSF was implanted intraperitoneally
(i.p.). The pump delivered these fractionated sera at a constant rate of 0.15 pL/h for 6 weeks,

yielding a treatment dose of 1 mg/kg/day or 30 ug/mouse/day. At the end of 4-5 weeks treatment
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(6 months of age), cognitive evaluations were conducted in these mice with our established
behavioral battery. After 6 weeks treatment, mice were sacrificed with isoflurane, then
transcardially perfused with ice-cold PBS, and brains were removed to assess f-amyloid plaque

pathology.

Behavioral assessments

Novel object recognition test

Novel object recognition is based on the spontaneous tendency of a mouse to explore a
new object compared with an old object. At first, during the habituation phase (day 1), each mouse
was acclimatized with the testing apparatus box for 10 minutes. Next, during the training day (day
2) each mouse was familiarized with two similar objects (4 cm x 4 cm x 4 ¢cm) for 10 minutes.
Finally, during the testing day (day 3) one of the objects was replaced with a new object and tested
for 10 minutes. The amount of time spent exploring the new and old objects during the test phase
was quantified by video tracking (ANY-Maze; Stoelting Lab Standard™) and provides an index of
recognition memory. Discrimination index was calculated as frequency of exploration of new

versus original objects.

Y-maze test

Y-Maze testing was performed as described previously [160]. This task was used to assess
basic mnemonic processing by spontaneous percent alternation and exploratory activity of mice
placed into a black Y-maze. The arms of this maze were 21 cm-long and 4 cm-wide with 40 cm-
high walls. Each mouse was placed in one of the arms and allowed one five-minute trial of free
exploration of the three alleys in the maze. The number of total arm choices and sequence of arm

choices were recorded.
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Histochemical and immunohistochemical analyses

Mice were euthanized with isoflurane and then transcardially perfused with ice-cold PBS.
Brains were rapidly isolated, and one hemisphere was frozen immediately in liquid nitrogen and
stored at -80°C. For molecular analysis, brain hemispheres were sonicated in RIPA buffer (Cell
Signaling Technology), centrifuged at 14,000 rpm for 1 h at 4°C and supernatants were isolated
for WB analyses. The other hemisphere was placed in 4% paraformaldehyde for cryostat
sectioning. The 25-um free-floating coronal sections were collected and stored in PBS with 100
mM sodium azide at 4°C. Immunohistochemical staining was performed using various primary
antibodies in conjunction with the VECTASTAIN Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA) coupled with diaminobenzidine substrate. A set of sections without adding
primary antibody were used as negative staining control. Sections were also stained with Congo
red dye and Thioflavin-S fluorescence dye for detecting fibrillary AP species as described
previously [161][85]. Images of five 25-um sections (150 um apart) through hippocampus and
neocortex were captured and a threshold optical density was obtained that discriminated staining
from background. Data are reported as percentage of immunolabeled area captured (positive
pixels divided by total pixels captured). Quantitative image analysis was performed by a single

examiner (T.M.) blinded to sample identities.

WB analysis and ELISA

WB analyses and quantification were performed as previously described [84]. Briefly, the
proteins from the cell-free suspensions, cell lysates, and homogenized tissue were
electrophoretically separated using 10% bicine/tris gel (8 M urea) for proteins less than 5 kDa or
10% tris/SDS gels for larger proteins. Electrophoresed proteins were transferred to nitrocellulose

membranes (Bio-Rad), washed and blocked for 1 h at room temperature in tris-buffered saline
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containing 5% (w/v) nonfat dry milk (TBS/NFDM). After blocking, membranes were hybridized
overnight with various primary antibodies, washed and incubated for 1 h with the appropriate
HRP-conjugated secondary antibody in TBS/NFDM. Blots were developed using the luminol
reagent (Thermo Fisher Scientific, Waltham, MA, USA). sAPPa ELISA (IBL) was performed

according to manufacturer’s instruction.

Statistical analysis

Comparisons between two groups were performed by Student's t-test analysis. For more
than two groups, one-way analysis of variance (ANOVA) followed by LSD post hoc analysis was
used to compare each other for statistical significance. Alpha was set at 0.05 for all analyses. The
significance level of p value was set at p < 0.05 for all analyses. All the mice experiment were
repeated three times in parallel to attain the above significant difference. Data are expressed as
mean + SEM. The statistical package for the social sciences release IBMSPSS 23.0 (IBM, Armonk,

NY, USA) was used for all data analyses.

Results
CBS dose-dependently promotes a-cleavage in CHO/APPwt cells

Our previous studies indicate that both single and multiple low-dose infusions of HUCBC
as well as HUCBC-derived monocytes can significantly reduce f-amyloid plaques and cognitive
impairments in AD mouse models. Having shown that HUCBC can reduce B-amyloid pathology,
we next set out to determine whether human umbilical-derived CBS could also reduce p-amyloid
pathology through alteration of APP processing. CHO/APPwt cells were treated with different
concentrations (0-10%, six different doses) of CBS, ABS, or AgBS for 4 h (Figure 2-1a and b, left
panels). The conditioned media were collected and subjected to sAPPa ELISA and also sAPPa

WB analysis using 2B3 sAPPa specific antibody. CBS dose-dependently promoted sAPPa levels
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with greater than that elicited by ABS and AgBS. Similarly, CHO/APPwt cells were treated with
5% CBS, ABS, or AgBS for six different time points (0-4 h, Figure 2-1a and b, right panels). CBS
time-dependently promoted sAPPa levels with greater than that elicited by ABS and AgBS. To
see whether the factor present in the serum mediating a-secretase activity is proteinaceous in
nature, we treated CHO/APPwt cells with heat inactivated serum (inact CBS) for 4 h. As expected,
heat inactivation limited the sAPPa producing capacity of CBS, as shown by ELISA (Figure 2-1c,
upper panel) and WB (Figure 2-1c, lower panel). Therefore, CBS possesses a-secretase, reflecting
sAPPa level in a dose- and time-dependent fashion and the factor mediating this activity is heat
labile and most likely a protein. These results confirm that FBS also contains a heat sensitive o.-

secretase.

CBS mediates a-cleavage of neuron specific APPsgs independent of ADAM activity

Next, we tested whether the a-secretase in CBS is mediated by TACE (ADAM17) or
ADAM. Human recombinant full-length APPeos (fAPP, 100 ng)-tagged with C-terminal
MY C/DDK was incubated with CBS, inactivated CBS (inact CBS), or AgBS at 37°C for 5 h in the
presence or absence of different inhibitors [protease inhibitor cocktail (Pl, 1X), TACE inhibitor
(TAPI-0, 1 uM), or ADAM inhibitor (GM6001, 1 uM)] (Figure 2-2a). The reaction mixtures were
subjected to sAPPa WB analysis using 2B3 sAPPa specific antibody (Figure 2-2a, upper panel)
and total APP analysis using 6E10 anti-Af1-17 antibody (Figure 2-2a, lower panel). PI cocktail
significantly limited CBS derived a-secretase catalytic activity, as reflected by sAPPegos level, but
this activity was not limited by TACE or ADAM inhibitors (Figure 2-2a, upper panel). In addition,
full-length APP (fAPPegs, 100 ng) was incubated with 5% CBS, FBS, or inactivated CBS for 1, 5,

or 24 h. CBS a-secretase increased the level of SAPPsgs in a time-dependent manner, measured
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by 2B3 antibody (Figure 2-2b, upper panel). As shown, the level of sAPP7xo represents

endogenous sAPPa.

Removal of high and low abundance proteins increases activity of CBS a-secretase

To purify and ultimately identify the target protein/complex mediating CBS a-secretase
catalytic cleavage, three-step chromatographic separation techniques were employed. Initially,
removal of highly abundant immunoglobulins and desalting were performed using Bio-Rad
Econo-Pack Serum IgG purification kit and 10DG columns. Desalted CBS was then applied to
DEAE Affi-Gel blue columns to completely remove 1gGs and collect 20 additional protein
fractions, and eluted with increasing strengths of NaCl buffer. CHO/APPwt cells were treated
with each fraction for 2 h to determine a-secretase activity by ELISA. In addition, unfractionated
whole and desalted CBS (dCBS) positive control as well as PBS negative control was used to treat
cells. These sequential approaches significantly increased a-secretase, with the fractions
showing the highest a-secretase catalytic activity, as reflected by sAPPa level eluting around 0.6-
0.9 M NaCl concentrations (Figure 2-3a). As shown in Figure 2-3c, 0.7-0.9 M NaCl fractions
from 10 CBS lots increased sAPPa levels at least with maximum fivefold higher than the whole
CBS. In addition, the fractionated and whole CBS were run in SDS-PAGE, demonstrating
numerous proteins remaining in each CBS fraction (Figure 2-3c, right upper panel). Therefore,
we selected the 0.8 M NaCl eluted fraction for further purification. As shown in Figure 2-3b, the
level of total protein concentration represents in (mg/mL) in CBS fraction.
Further purification of CBS a-secretase using size-exclusion and anion-exchange
chromatography

The 0.8 M NaCl eluted fraction of CBS was subjected to size-exclusion chromatography

using Superdex 200 prep grade columns (XK 16/40, GE Healthcare, USA) packed with cross-
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linked agarose and dextran. The mobile phase was 20 mg/mL acetone in distilled water, and
detection was performed at UV280 nm. Approximately 100 mg of protein from the 0.8 M NaCl
fraction was applied to the column and 48 fractions were eluted with PBS. The catalytic activity
of a-secretase was greatly enhanced, as tested on CHO/APPwt cells by measuring sAPPa
production. Fractions #11 and 12 produced sAPPa > fivefold higher compared with the original
0.8 M NaCl eluted fraction as well as all other fractions, as determined by WB (upper panel) and
ELISA (lower panel, Figure 2-4a). To confirm the enhancement of a-secretase, we determined
the sAPPa in fractions #8-18 along with the original 0.8 M NaCl eluted fraction from three
different CBS lots. Fractions #10-13 showed a-secretase activity 15 fold more than the original
0.8 M NacCl eluted fraction, as measured by ELISA (Figure 2-4c). As determined by SDS-PAGE,
the molecular mass of the #10-13 fractions was 177-275 kDa (Figure 2-4c).

To examine the charge of a-secretase protein/complex in CBS, the size exclusion fractions
containing the highest a-secretase catalytic activities, as reflected by sAPPa levels (#10 to 13)
were further subjected to anion-exchange chromatography using Q-Sepharose columns. Protein
from the size exclusion fractions were applied to the column and 82 fractions were eluted with 0.5
M NaCl. Fractions #53-56 showed > eightfold higher a-secretase catalytic activity, as reflected
by sAPPa level than the original size-exclusion fraction, as determined in CHO/APPwt cells by
WB and ELISA (fractions #2-4 in Figure 2-5a, upper and lower panels, respectively). To further
compare the enzymatic activity of CBS samples before and after anion-exchange chromatography,
we collected fractions #1-5 and #23 from three different samples and determined the sAPPa level
in each, indirect measurement of CBS a-secretase activity. Combined fractions #2-4 produced

sAPPa > 50 fold higher than the original eluted (#23) fraction, as measured by ELISA (Figure 2-
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5¢). Combined fractions #2-4, referred to hereafter as aCBSF, were therefore used for further

analysis.

aCBSF promotes non-amyloidogenic APP processing

Human recombinant full-length APP (fAPPegs) was incubated with five different
concentrations (0-1%) of aCBSF at 37°C for 2 h. The reaction mixtures were subjected to SAPPa
WB analysis using 2B3 antibody as well as full length APP and oCTF analyses using
pAPP751/770 antibody (an anti-APP C-terminal antibody, Figure 2-6a). This analysis showed
that aCBSF increases sAPPa as well as a-CTF fragments and decreases (full-length) holo APP
with increasing doses.

In order to confirm that t«CBSF mediates novel a-secretase cleavage independent of TACE
or ADAM, fAPPsgs was incubated with aCBSF in t3e absence or presence of ADAM (GM6001,
1 uM) or TACE inhibitor (TAPI-0, 1 uM) for 1 h. aCBSF treatment alone increased the levels of
APP-processing fragments such as sAPPa and a-CTF, and decreased the level of holo APP as
determined by WB, which effects did not alter significantly by GM6001 and TAPI-0 combined
treatment with aCBSF (Figure 2-6b). In addition, TACE and ADAM10 enzymatic activities of
aCBSF were measured by TACE and ADAM10 cleavage activity kits. TACE (25 pg/mL) in the
presence or absence of TACE inhibitor (TAPI-0, 1 uM) and ADAMI10 (50 ug/mL), in the presence
or absence of ADAM inhibitor (GM6001, 1 uM), were included as positive controls. Results

suggest that aCBSF has very little TACE or ADAM10 activity (Figure 2-6¢ and d).

Immunoprecipitation of fAPPegs/CBS specifically limits APP a-secretase cleavage
To determine whether immunoprecipitation could specifically limit a-secretase of aCBSF,

100 ng of fAPPggs was incubated with 0.125 pg of aCBSF at 37°C for 1 h and the SAPPa/aCBSF
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immune complex was immunoprecipitated using anti-DDK antibody, 2B3 or nonspecific 1gG.
CHO/APPwt cells were treated in the FBS free condition for 2 h with the supernatants collected
from the immune complex or PBS as reference control, and then conditioned media were analyzed
by sAPPa WB using anti-N-terminal APP antibody (22C11, Figure 2-7a) and sAPPa ELISA
(Figure 2-7b) to determine a-Secretase in CBS. Immunoprecipitation of the SAPPa/aCBSF with
anti-DDK  antibody significantly reduced o-secretase activity of aCBSF, indicating that
immunoprecipitation limits the CBS-mediated APP a-secretase cleavage. In contrast,
immunoprecipitation of sSAPPa/aCBSF with 2B3 did not reduce CBS a-secretase, indicating that
aCBSF does not form an immune complex with sAPPa. In addition, there was no notable or
significant difference in sAPPa production elicited by 0.5% supernatant from aCBSF IP with
control IgG and 2.5 % (equivalent to 0.5% Super.) aCBSF alone (data not shown).
aCBSF reduces p-cleavage, promotes a-cleavage of APP, and stabilizes tau phosphorylation
in 3XTg-AD mice

To test whether aCBSF suppresses B-site APP cleaving enzyme 1 (BACEL)-mediated APP
processing in vivo, four-month old 3XTg-AD mice were treated aCBSF, AgBSF (0.5 pg/mouse),
or PBS control (1 pL/mouse) with i.c.v. injections. After 72 h of treatment, in homogenates
prepared from the right hemisphere (non-injection side), WB analysis using Ap1-17antibody (6E10)
shows that aCBSF reduced AP (Figure 2-8a) and B-CTF production (Figure 2-8c), whereas
enhancing sAPPa production (Figure 2-8b), compared with AgBSF and PBS control. Compared
with AgBSF and PBS, aCBSF also reduced tau (Thr?*') phosphorylation in these mice (Figure 2-

8d).
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aCBSF ameliorates f-amyloid pathology in 5XFAD mice

To determine the effect of «CBSF on p-amyloid pathology, transgenic 5XFAD mice at
five months of age were continuously treated with aCBSF or AgBSF via i.p. osmotic mini pump
for 6 weeks. Immunohistochemical staining using 4G8 antibody showed that aCBSF treatment
substantially decreases cortical and hippocampal B-amyloid plaques (Figure 2-9a, upper panel),
and reduces fibrillary AB species visualized by Thioflavin-S histochemical staining (Figure 2-9a,
lower panel) compared with AgBSF treatment. Moreover, the aCBSF-treated cohort also revealed
less B-amyloid plaque pathology than the AgBSF-treated cohort, as determined by Congo red
histochemical staining (Figure 2-9a, middle panel). Quantitative analysis disclosed that aCBSF
therapy significantly ameliorated p-amyloid pathology, as determined by 4G8 antibody staining

in both neocortex and hippocampus regions compared with AgBSF treatment (Figure 2-9b).

Neuroprotective effects of aCBSF

5XFAD mice undergo neuronal loss in the neocortex and hippocampus that is associated
with behavioral deficits. We examined whether continuous delivery of aCBSF by i.p. osmotic
mini pump can elicit a neuroprotective effect in 5XFAD mice. Treatment with aCBSF partially
prevented neuronal loss in the neocortex region compared with AgBSF treatment, as demonstrated
by NeuN antibody immunohistochemical staining, thus indicating that «CBSF may confer

neuroprotective ability for AD brain (Figure 2-10a and b).

aCBSF improves learning, memory, and cognitive function in SXFAD mice
S5XFAD mice were received to continuous treatment with aCBSF or AgBSF via i.p.
osmotic mini pump for 4 weeks, and evaluated for cognitive function by Novel object recognition

and Y-maze tests. Novel object recognition test showed that aCBSF-treated 5XFAD mice spent
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more time with the novel versus old objects, whereas AgBSF-treated 5XFAD mice spent the same
period of time with both novel and old objects (Figure 2-11a). Thus, discrimination index (%) was
enhanced by aCBSF compared with AgBSF treatment (Figure 2-11b). Notably, improvement was
complete, because there was no significant difference (p > 0.05) from WT control mice (NTg). In
addition, aCBSF treatment significantly increased the number of entries (Figure 2-11c) and
spontaneous alterations in 5XFAD mice compared with the AgBSF-treated cohort (Figure 2-11d),
as determined by Y-maze test, thus confirming that aCBSF treatment improved learning and

working memory in this AD mouse model.

Discussion

Recent progress in HUCBC therapy for different neurological diseases [34][35] opened
new opportunities for AD research [36]. We have previously found that multiple low-dose
peripheral infusion of HUCBC reduced cerebral B-amyloid plaques, cerebral amyloid angiopathy,
and astrocytosis, whereas these treatments improved cognitive impairments in the PSAPP AD
mouse model [37] and enhanced neurogenesis in the aged rat brain [32]. In a subsequent study,
we have reported that HUCBC-derived monocytes reduced cerebral p-amyloid pathology and
cognitive impairments [38]. In addition, we have shown that HUCBC-derived monocyte more
effectively removed A by phagocytosis than the aged-blood monocyte, whereas sAPPa enhanced
AP phagocytosis by the aged monocyte by forming a complex with A via the help of monocyte
scavenger receptor [38]. In support of these findings, we demonstrated that overexpression of
sAPPa significantly reduces both cerebral -amyloid [42] and tau pathology in crossing Tg-sAPPa
with PSAPP mice [43]. Meanwhile, using a sophisticated parabiosis mouse model, Wyss-Coray
and colleagues showed that blood serum from old mice reduces neurogenesis and impairs cognitive

functions when administered into young mice [40]. Subsequently, several groups reversed age-
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related cognitive impairments in aged mice by infusing plasma from young into old mice
[41][154][155] as well as AD pathology [157]. More specifically, Wyss-Coray group have
published several articles over the last few years [41][75] showing the potential of young and/or
umbilical cord plasma in ameliorating aged-associated cognitive impairments. In those
experiments, they have either joined the young and aged mice thorough parabiosis or injected
young and/or umbilical cord blood derived plasma into aged mice via tail vein injection.
Interestingly, only three to four injections within 3-4 weeks period of time improved cognitive
impairments in those experiments. These results encouraged us to determine whether human CBS
could effectively reduce AD pathology in vitro (i.e., cell culture and cell-free systems) as well as
in vivo (i.e., 3X-TgAD and 5XFAD mouse models) by enhancing SAPPa production.

Our preliminary findings indicate that CBS possesses a-secretase-like enzyme in cell
culture and cell-free systems. In CHO/APPwt cells, CBS produces greater amount of sAPPa
production compared with ABS and AgBS in a concentration- and time dependent manner (Figure
2-laand b). Since a-secretase is proteinaceous and heat-labile, we hypothesized that a-secretase-
like enzyme displayed by CBS is also inactivated by heat treatment. As expected, heat inactivation
significantly limited the SAPPa producing capacity of CBS (Figure 2-1c). These results suggest
that a-secretase-like enzyme of CBS is most likely a single complex protein that interacts with and
cleaves APP. Subsequent study indicated that CBS mediates a-secretase cleavage of neuron-
specific APPegs in a cell-free system, further suggesting that this activity is mediated by an
endogenous enzyme (Figure 2-2a and b).

To purify, characterize, and ultimately identify this a-secretase-like content in CBS, we
employed three-step affinity column, size-exclusion, and anion-exchange chromatography

techniques in a sequential manner (Figure 2-3, 2-4, and 2-5). These sequential purification steps
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enhanced the catalytic activity more than 3,000 fold compared with original CBS. The fractions
containing highest a-secretase catalytic activity, as reflected by sAPPa level were combined and
termed as “aCBSF” for the further study. SDS-PAGE analysis of the fractions from size-exclusion
and anion-exchange chromatography vyielding the highest o-secretase indicated size of our
unknown enzyme could be around 177-275 kDa (Figures 2-4 and 2-5). It is not easy for a 177-275
kDa protein to cross the blood brain barrier through intraperitoneal mini pump administration
without any inhibition. However we do not believe the protein is larger than 275 kDa based on the
markers in for our gels. However, the SDS-PAGE also showed some low molecular-weight
compounds which cannot be ruled out as well, which warrant further investigation. Interestingly,
TACE (ADAM17) and ADAM inhibitors did not alter a-secretase in CBS, indicating that the
enzyme is not TACE or ADAM, whereas the activity was dramatically reduced by protease
inhibitor/cocktail, confirming that the activity is mediated by a protease (Figures 2-2 and 2-6).
Moreover, immunoprecipitation of aCBSF with 2B3 antibody (anti-C-terminal of sAPPa) showed
significant reduction of sAPPa levels, indicating that a-secretase-like enzyme aCBSF physically
interacts with sAPPa (Figures 2-7).

Previously, we and others have shown that sAPPa reduces -amyloid pathology via
inhibition of BACE1 [42]. In a recent article, we have shown that sAPPa decreases tau
phosphorylation via BACEL1 inhibition and GSK-33-mediated inhibitory phosphorylation [43].
This study prompted us to investigate the functional efficacy of fractionated CBS (aCBSF) in
5XFAD and 3XTg-AD mouse models. We have shown that aCBSF significantly reduced Ap and
tau phosphorylation (p-tau-Thr®?) in 3X-Tg AD mice, whereas aCBSF enhanced o-secretase
cleavage products (i.e., sAPPa and a-CTF), indicating that a-secretase-like content in CBS

promotes APP non-amyloidogenic processing in vivo (Figure 2-8b and c). In 5XFAD mice being
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aggressive B-amyloid deposition and plaque formation, aCBSF reduced P-amyloid plaque
pathology in both neocortex and hippocampus regions, and reduced neural loss in the neocortex
region, compared with AgBSF-treated mouse brains (Figures 2-9 and 2-10). By carrying-out
sequential fractionation, we markedly enhanced CBS derived a-secretase (termed aCBS) and
infused into 5XFAD mice via osmotic mini pump over the period of 6 weeks. Behavioral analyses
in 5XFAD mice indicate that aCBS treated mice showed improved episodic memory, as
determined by novel object recognition test (Figure 2-11a and b) as well as spatial working
memory, as determined by Y-maze test (Figure 2-11c and d) compared with AgBSF treatment.
Our work is in line with the work of Villeda et al. 2014 [41] and Castellano et al. 2017 [75] where
improvement of performance in cognitive impairment was found in aged-mice treated with young
plasma. Notwithstanding, we are not quite sure how CBS fraction (aCBSF) ameliorates f-amyloid
pathology and cognitive functioning in 5XFAD and tau pathology in 3XTg-AD mouse model. The
effect we observe may or may not be from CBS a-secretase-like enzyme. One of the plausible
explanation of this effects are may be a direct action from CBS a-secretase-like enzyme or could
be an indirect effect through peripheral sink hypothesis which demand further investigation.
Although we do not know the exact molecular mechanism, however, we believe that human cord
blood derived serum and/or plasma protein functions as a master regulator of several genes
involved in the proliferation of cells, and blood vessels that might reduce neuroinflammation, Ap,
and improve synaptic plasticity by affecting multiple pathways. Overall, our results show
beneficial effects of aCBSF in ameliorating -amyloid pathology and cognitive functioning in
5XFAD and reducing tau phosphorylation in 3XTg-AD mouse model.

It is well known that members of the membrane-bound zinc-dependent metalloproteinase

ADAM family are a-secretase enzymes that cleave APP for the non-amyloidogenic pathway. In
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particular, three different members of this family, ADAM9, ADAM10, and ADAML17, possess
APP a-secretase activity [141]. The ADAM family constitutes a large family of multidomain
membrane proteins that have both cysteine-rich, disintegrin, and zinc metalloprotease domains in
their ectodomain [140]. The main function of ADAM family is to shed the ectodomain of different
membrane proteins, and has growth factors-like function via intracellular signaling cascade.
However, it should be noted that numerous other substrates also have been linked to these ADAM
family. These functions of ADAM family either protect against AD or promote AD pathogenesis
via activation of different cytokines. One of the enzymes, ADAM17 is also known as TACE,
responsible for secreting the main pro-inflammatory cytokine, TNFa [146]. Thus, TACE
(ADAML17) is a therapeutic target for multiple diseases. Additionally, both ADAM10 and
ADAML1Y7 cleave various other membrane proteins and promote tumor in the cell [142]. ADAM10,
in particular, cleaves many different kinds of transmembrane proteins in the vascular system,
including the platelet-activating collagen receptor glycoprotein VI, [144][143] and endothelial
proteins, including transmembrane chemokines (i.e., CX3CL1 and CXCL16) [145]. These two
chemokines are known for angiogenesis, inflammation, and immune cell recruitment [162][163].
Likewise, ADAMS9 cleaves and releases a number of molecules with important roles in
tumorigenesis and angiogenesis. Taken together, whereas the known a-secretase enzymes, mainly
ADAM10 and ADAM17 (TACE) and in some degree ADAMOY, are involved in APP a-secretase
cleavage, they are not APP specific and cleave various substrates associated with inflammation,
tumor formation, and progression. Thus, whereas AD is the only pathology in which an increased
a-secretase activity has been proposed to be favorable, the nonspecific nature of the known a-

secretases has made this strategy for AD treatment thus far unsuitable [147].
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In sum, our study has presumably discovered an umbilical cord blood derived a-secretase
which is independent on TACE or ADAM, thus making it a suitable candidate for the further study
as a therapeutic target for AD treatment. This a-secretase-like enzyme activity either directly or
indirectly activates a-secretase or produce sAPPa in cell culture and AD animal models. In
addition, we believe this a-secretase appears to be mediated by novel enzymes residing within the
sera which decline with age. We expect that our study using fractionation, chromatographic
separation and mass-spectrometry (MS) techniques would identify the target enzyme as well as
other interacting partners from CBS. However, identification of a target protein or enzyme with a
particular function from a complex mixture of serum is a challenging task due to multiple factors,
including the high complexity and wide dynamic range of proteins as well as the presence of
contaminating proteins of high abundance. Despite this, here we show that our purification
techniques significantly enhanced the a-secretase of CBS. Further MS based sophisticated
purification techniques will completely purify, identify, and characterize the factor mediating this

o-secretase in CBS.
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Figure 2-1 CBS, but not ABS or AgBS, markedly promotes APP a-cleavage in a time-, dose-
and temperature-dependent manner.

(a) CHO/APPwt cells were treated with 0, 0.25, 0.5, 1, 5 and 10% CBS, ABS, or AgBS (left panel).
In addition, CHO/APPwt cells were treated with 5% CBS, ABS, or AgBS between 0 and 4 h, as
indicated (right panel). (b) CHO/APPwt cells were treated with CBS at different concentration (0-
10%) for 4 h (left panel) or treated with 5% CBS for different time point (0 - 4) h, as indicated
(right panel). Conditioned media were subjected to sAPPa ELISA (Figure 2-1A and B, top panel)
and WB analyses (Figure 2-1B, bottom panel) with 2B3 antibody (c) CHO/APPwt cells treated
with heat inactivated serum (inact CBS) or CBS for 4 h. Conditioned media were subjected to
sAPPa ELISA (Figure 2-1C, top panel) and WB analyses (Figure 2-1C, bottom panel) with 2B3
antibody. Data are presented as mean (+ S.D.) of sAPPa produced (ng/mg) from 5 independent
experiments in triplication. Human umbilical cord blood plasma (CBP) produced similar results
(data not shown). APP a-secretase activity of pooled CBS or CBP or individualized CBS or CBP
was similar (data not shown).
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Figure 2-2 CBS directly mediates a-cleavage of neuron specific APPsgs, but this activity is
not mediated by ADAM and TACE.

CBS directly mediates a-cleavage of neuron specific APPsgs, but this activity is not mediated by
ADAM and TACE. (a) Human recombinant full-length APPeos tagged with C-terminal
MYC/DDK (fAPPsgs, OriGen, 100 ng) was incubated with 5% CBS, inact CBS, or AgBS at 37°C
for 5 h in the presence or absence of a protease inhibitor cocktail (Pl, 1 X), TACE (ADAM17)
inhibitor (TAPI-0, 1 uM), or ADAM inhibitor (GM6001, 1 uM). Lane 1-4 represent CBS (1),
inact CBS (2), AgBS (3), and FBS (4) sample only control without substrate fAPPegs. Lane 5
represent fAPPgos (5) substrate only control without any serum sample. Lane 6-11 represent
substrate fAPPggs with CBS (6), inact CBS (7), CBS with PI (8), CBS with TAPI-0 (9), CBS with
GM6001 (10), and AgBS (11). Lane 12-14 represent (lane 12-14; PI (12), TAPI-0 (13), and
GM6001 (14) inhibitor and substrate control respectively, without any serum sample. The reaction
mixtures were subjected to SAPPa WB analysis using 2B3 antibody (top panel) and total APP
using 6E10 (an anti-Ap1-17 antibody; lower panel). SAPP77o refers to the endogenous a-secretase
cleavage product of CBS or AgBS, whereas SAPPggs refers to the a-secretase cleavage product of
fAPPggs. (b) 100 ng of fAPPegs was incubated with 5% CBS for 1, 5, or 24 h, or 5% FBS or inact.
FBS for 24 h, and then subjected to sAPPa and total APP WB analysis using 2B3 (top panel) and
6E10 (lower panel), respectively. sAPP77o refers to the endogenous a-secretase cleavage product
of CBS or AgBS, whereas sAPPsggs refers to the a-secretase cleavage product of fAPPgogs.
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Figure 2-3 Fractionation of APP specific a-secretase activity in CBS.

To purify and eventually identify the a-secretase activity in CBS, the Econo-Pack Serum 1gG
purification kit (Bio-Rad) was initially employed to remove highly abundant 1IgG. CBS was then
desalted using Econo-Pack 10DG columns. The desalted serum was applied to DEAE Affi-Gel
blue columns to remove residual 1gG and collect 20 additional protein fractions, by eluting with
an increasing ionic strength gradient of NaCl buffer ranging from 0.1 M to 2.0 M. The remaining
proteins on the column were eluted by the regeneration buffer included in the kit and collected as
the regeneration fraction (Reg). (a) CHO/APPwt cells were cultured in 24-well plates and treated
with 10 pL of each protein fraction for 2 h. Conditioned media were then collected and analyzed
by sAPPa WB (upper panel) and ELISA (lower panel). 10 uL CBS, desalted CBS (dCBS), and
phosphate buffered saline (PBS; Ctrl) were included under the same cell culture conditions as
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positive and negative controls respectively. Cell lysates were also prepared from each fraction-
treated cell culture as an additional reference to evaluate sAPPa production levels (data not
shown). (b) Protein concentration of each fraction. (c) CHO/APPwt cells were treated with the
0.6 to 1.0 M NaCl eluted fractions from 10 different CBS lots, as well as whole CBS and PBS
(Ctrl), for 2 h and the conditioned media were collected for SAPPa ELISA. The results were
presented as mean (+ S.D.) sAPPa produced (ng/mg protein). In addition, each protein fraction
was also subjected to SDS PAGE to assess total protein fractionation (c, right panel).
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Figure 2-4 Protein size-exclusion chromatography by preparative-grade Superdex 200
column.

The 0.8 M NaCl eluted protein fraction of CBS was further subjected to size exclusion
chromatography by analytic Superdex 200 column. Approximately 100 mg of protein from the
0.8 M NacCl fraction was applied to the column and 48 fractions were eluted with PBS. (a)
CHO/APPwt cells were cultured in 24-well plates and treated with 40 pL of each protein fraction
for 2 h. The conditioned media were collected and analyzed by sAPPa WB (upper panel) and
ELISA (lower panel). In parallel, the 0.8 M NaCl eluted fraction (#31) and PBS (#32) were
included under the same cell culture conditions as positive and negative controls respectively. Cell
lysates were also prepared from each fraction-treated cell culture as an additional reference to
evaluate sAPPa production levels. (b) Protein concentration of each size fraction. (c)
CHO/APPwt cells were treated with #8 to 18 size fractions prepared from 3 independent
experiments, as well as the original 0.8 M NaCl fraction (#31) and PBS (#32), and then conditioned
media were collected and analyzed by sAPPa ELISA. The results were presented as mean (£ S.D.)
sAPPa produced (ng/mg protein). In addition, each size fraction was subjected to SDS PAGE
analysis to assess total protein fractionation (C, right panel).
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Figure 2-5 Further fractionation by anion-exchange chromatography.

The size exclusion fractions containing the highest APP a-secretase activities (#10 to 13) were
further subjected to anion-exchange chromatography using Q-Sepharose columns. Approximately
10 mg of protein from the size exclusion fraction(s) was applied to the column and 82 fractions
were eluted with buffer containing 50 mM Tris, 500 mM NacCl, pH 7.6. (a) CHO/APPwt cells
were treated with 40 pL of each protein fraction for 2 h and conditioned media and cell lysates
were analyzed by sAPPo WB (upper panel) and ELISA (lower panel). The original size exclusion
eluted fraction (#23) and PBS (#24) were included as positive and negative controls respectively.
In addition, SDS-PAGE of #2-4 anion-exchange fractions showed the presence of multiple
proteins (middle panel). (b) Protein concentration of each fraction. (c) CHO/APPwt cells were
treated with the #1 to 4 anion-exchange fractions prepared from 3 independent experiments and
then conditioned media were subjected to sSAPPa ELISA. The results are presented as mean (£
S.D.) sAPPa produced (ng/mg protein). The original size exclusion eluted fraction (#23) was
included as a positive control. Combined fractions #2 to 4, referred to as aCBSF, and were used
for further analysis.

55



a3 b fAPPggs incubation for 1 hour

fAPPgos/aCBSF (ug/mL)

- = —
Te) S Q LUL; 8'&)'5 L(;L; QD
= 10 = I O 20 O <9
© S o S «~ WwB O B 8 OB B =% wB
100-
-sAPPa - 100 SAPPQ
8 ®
w
S 2
holo APP| 3 holo APP T
T ~
N E— o e xQ
| : S |
~l o
o
C
— 4000 - 5 4000
[
o x
= =
Z 2000 - £ 2000 -
¥ S
Lé—' =
< z
a 0 w - - d44 2 D > > q
S > = 2 O g2 2 5 25 8
F 2 % 3% B 5 5 2 32 %

Figure 2-6 aCBSF directly mediates a-cleavage of neuron specific APPsgs, but this activity
is not mediated by ADAM or TACE.

(@) Human recombinant full-length APPsgs (FAPPegs, 100 ng) was incubated with 0, 0.125, 0.25,
0.5, or 1 pg of aCBSF. at 37°C for 2 h. The reaction mixtures were subjected to sAPPa WB
analysis using 2B3 (top panel) and holo APP and a-CTF analysis using pAPP751/770 antibody
(lower panel). (b) fAPPsgs (100 ng) was incubated with 0.125 pg of aCBSF in the absence or
presence of ADAM (GM6001, 1 uM) or TACE inhibitor (TAPI-0, 1 uM) for 1 h and then subjected
to sAPPa, holo APP and a-CTF WB analysis using 2B3 (top panel) and pAPP751/770 (lower
panel). a-CTF of APP was further confirmed by an additional WB using an antibody specifically
against AB17-26 (4G8). In addition, incubating human recombinant full-length APP751 with aCBSF
produces similar results (data not shown). (c) The TNFa converting enzyme (TACE or ADAML17)
activity of aCBSF was measured by TACE cleavage activity kit. TACE (25 pg/mL) secretase in
the presence or absence of TACE inhibitor (TAPI-0, 1 uM) was included as positive control. (d)
In parallel the ADAMI0 activity of the aCBSF was measured by ADAM10 cleavage activity Kit.
ADAMI10 (50 pg/mL) secretase, in the presence or absence of ADAM inhibitor (GM6001, 1 uM),
was included as positive control. TACE, ADAM17, and ADAM10 cleavage activities were
determined for 1 h and expressed as relative fluorescence units (RFU). These results are presented
as mean (£ S.D.) of three independent experiments with triplicates for each condition.
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Figure 2-7 Immunoprecipitation of fAPPegs/aCBSF specifically limits APP a-secretase
activity of aCBSF.

To determine whether immunoprecipitation could limit the ability of aCBSF to promote APP a-
cleavage, we incubated 100 ng of fAPPggs with 0.125 pg of aCBSF at 4°C for overnight and then
immunoprecipitated (IP) the sAPPa/aCBSF immune complex using an anti-DDK antibody
(DDKADb), an sAPPa specific antibody (2B3), or nonspecific IgG. CHO/APPwt cells were treated
with the supernatants (Super.) from each immune complex, or PBS as control, in the FBS free
condition. Two h after treatment, conditioned media were collected and analyzed by sAPPa WB
using anti-N-termnal APP antibody (22C11, a) and sAPPa ELISA (b). For (b), the results were
presented as mean (+ S.D.) of sAPPa production (ng/mL) in the conditioned media from three
independent experiments with triplicates for each condition. There was no notable or significant
difference in sAPPa production elicited by 0.5% supernatant from aCBSF immunoprecipitated
with control IgG (Ctrl) and 2.5 % (equivalent to 0.5% Super.) of aCBSF alone, as determined by
sAPPo WB and ELISA analysis (data not shown).
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Figure 2-8 aCBSF promotes APP a-secretase processing in vivo.

3XTg-AD female mice at 4 months of age were treated with aCBSF, AgBSF (0.5 pg/mouse; n =
6), or PBS control (1 uL/mouse; n =5 female) by i.c.v. injection and euthanized 72 h later. Mouse
brain homogenates were then prepared from the right half of the brain (non-injection side). (a)
WB analysis using APi-17antibody (6E10) shows total APP and A species. (b) WB analysis using
an sAPPa specific antibody (2B3) or anti-N-terminal APP antibody (22C11) shows sAPPa or total
APP, respectively. (c) WB analysis using pAb751/770 shows full-length APP (holo APP) and two
bands corresponding to B-CTF and a-CTF. (d) Mouse brain cortices from each treatment group
were stained with anti-phospho-tau [p-tau (Thr?31)] antibody. In addition, percentages [p-tau
(Thr?%1) positive area/total area; mean + S.D.] of anti-p-tau antibody positive cells were quantified
by image analysis (p < 0.005) (data not shown). WB data presented here are representative of
results obtained from 5 to 6 female mice per group.
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Figure 2-9 aCBSF reduces p-amyloid plagues in 5XFAD mice.

Five month old 5XFAD female mice were treated i.p. with aCBSF (n =5to 7) and AgBSF (n =5
to 6) via osmotic mini pump at 30 ug/mouse/day for 6 weeks. (a) Mouse brain sections from each
group were stained with 4G8, Congo red, and Thio-S. (b) Percentages of 4G8 positive areas were
quantitatified by image J analysis for neocortex and hippocampus, showing that taCBSF treatment
significantly reduced plaque area compared with AgBSF treatment (t-test for independent samples;
*p <0.05, **p < 0.01).
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Figure 2-10 Neuroprotective Effects of aCBSF.

5XFAD female mice at 5 months of age were treated i.p. with aCBSF (n = 7) or AgBSF (n = 6)
via osmotic mini pump for 6 weeks. (a) Mouse brain sections from aCBSF and AgBSF treated
groups were stained with NeuN. (b) Quantification of NeuN positive cells in the CAl, CA3, and
neocortex revealed that aCBSF treatment significantly increased NeuN positive cells compared
with AgBSF treatment in neocortex (t-test for independent samples; *p < 0.05).
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Figure 2-11 aCBSF improves cognitive function in 5XFAD mice.

SXFAD female mice at 5 months of age were treated with aCBSF and AgBSF (30 pg/mouse/day)
I.p. by osmotic mini pump for 6 weeks. Each treatment groups as well as nontransgenic WT
controls (NTg) were subjected to Novel Object Recognition and Y-maze behavioral testing. (a)
Times spent exploring old and novel objects during the test phase of NOR was recorded for each
treatment group. (b) Discrimination index, calculated as the frequency of exploring new object
vs. original objects, was significantly reduced in 5XFAD mice treated with AgBSF, but not in
those treated with aCBSF, compared with NTg controls. (c) Total number of arm entries for Y-
maze was recorded for each treatment group. (d) Percent alternations was significantly reduced
in 5XFAD mice treated with AgBSF, but not in those treated with aCBSF, compared with NTg
controls. Significance level determined by ANOVA for a total of n =5 NTg mice, n =7 aCBSF
treated 5XFAD mice, and n = 6 AgBSF treated 5XFAD mice (***p < 0.001).
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CHAPTER 3

Human cord blood serum-derived APP a-secretase cleavage activity
Is mediated by C1 complement

Permission statement

The information in chapter 3, “Human cord blood serum-derived APP a-secretase cleavage
activity is mediated by C1 complement” has been legally reproduced under the Creative Commons
Attribution (CC-BY) license. This means the publication is accessible online without any

restrictions and can be re-used in any way subject only to proper citation.
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Chapter synopsis

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly. In healthy
individuals amyloid precursor protein (APP) is cleaved by a-secretase generating soluble alpha
amyloid precursor protein (SAPPa), which contribute neuroprotective functions in the neuronal
environment. In contrast, in the neurodegenerative environment of AD patients, amyloid-p-

peptide (AP) of either 40 or 42 residues are generated by increased activity of beta and gamma
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secretase. These proteins amalgamate in specific regions of the brains, which disrupt neuronal
functions and lead to cognitive impairment. Our most recent work studied the impact of umbilical
cord blood serum (CBS) on modulation of SAPPa production. Heat-sensitive CBS significantly
promoted SAPPa. production indicating heat-sensitive factor(s) plays a role in this process. Liquid
chromatography with tandem mass spectrometry (LC-MS/MS) analysis was used to determine the
molecular source of a-secretase in purified CBS and aged blood serum (AgBS) fraction. Of the
proteins identified, the subunits of C1 complex (C1q, C1r, and C1s) and alpha-2-macroglobulin
showed significantly greater levels in purified aCBS fraction («CBSF) compared with AgBS
fraction (AgBSF). Specifically, C1 markedly increased sAPPa and alpha-carboxyl-terminal
fragment (a-CTF) production in a dose-dependent fashion, whereas C1q alone only minimally
increased and C3 did not increase SAPPa production in the absence of sera. Furthermore, Clq
markedly increased sSAPPa and aCTF, while decreasing Ap, in CHO/APPwt cells cultured in the
presence of whole sera. These results confirm our initial assumption that APP a-secretase activity

in human blood serum is mediated by complement C1, opening a potential modality of therapeutic

for the future of AD.

Background

AD is the most common neurodegenerative disorder characterized by the presence of
intracellular neurofibrillary tangles, extracellular B-amyloid plaques and neuronal loss throughout
the entire brain. AP, a 4 kDa peptide, is one of the major components of 3-amyloid plaques. Under
physiological conditions, a-secretase cleaves APP within the AP domain, thereby preventing
generation of AP and releasing soluble neurotrophic sSAPPa [56]. SAPPa has been shown to reduce

AP generation and plaque deposition by interfering with beta-site APP cleaving enzyme 1
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(BACE1), also known as beta (B)-secretase [42][164]. In addition, SAPPa has also been shown to
inhibit tau phosphorylation through modulation of GSK3p signaling pathway [43]. In
neurodegenerative environment of AD, sequential cleavage of APP by B- and gamma (y)-
secretases generate AP peptides, comprising either 40 or 42 residues in length and which aggregate
in the brain [1]. Eventually, these protein aggregates trigger neuroinflammation and
neurodegeneration ultimately leading to cognitive impairment and memory dysfunction [165].
One of the prominent facets of AD neuropathology is the colocalization of activated inflammatory
proteins of the complement pathways with the disease pathology [166].

Human umbilical cord blood cells (HUCBC) have emerged as a potential
immunomodulatory therapy in various diseases, including ischemia and neurodegeneration [167].
The many benefits of HUCBC include attenuation of amyloidogenic APP processing and reduction
of AP levels in PSAPP and Tg2576 mice models of AD [37]. Importantly, multiple low-dose
HUCBC infusion have also been shown to improve cognitive functions in transgenic PSAPP mice
[153]. Our most recent work showed that CBS significantly promoted sAPPa production whereas
heat-inactivation eliminated this effect. Furthermore, SAPPa. production was found to be increased
by the removal of serum immunoglobulins and salts. To further understand what exactly in CBS
was promoting sAPPa, we isolated the specific fraction of CBS found to have the highest a-
secretase activity («CBSF) by a three step chromatographic process. The proteolytic a-secretase
activity in aCBSF was found to not be mediated by TNF-a converting enzyme (TACE) or a
disintegrin and metalloproteinase domain-containing protein (ADAM)10. Immunoprecipitation
studies indicated the presence of a-secretase-like enzyme, which physically interacts with APP
[168]. As first reported, following the administration of aCBSF by intracerebroventricular (icv)

injection, both A levels and tau phosphorylation were reduced in 3XTg-AD mice. Amyloid
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plague numbers were decreased in the neocortex and hippocampus of 5XFAD mice through
oCBSF intraperitoneal minipump administration in comparison with mouse brain treated with the
corresponding AgBSF. Furthermore, icv administration of aCBSF enhanced non-amyloidogenic
APP processing in 3xTg-AD mouse, providing a neuroprotective effect. These results combined
with reduced neuronal loss in the neocortex of the 5XFAD mice model following aCBSF
administration reveal a therapeutic potential for improving synaptic plasticity and
neuroinflammation [168].

The complement system is a major part of the innate immune system involved in
neuroprotection via activation of immunomodulatory pathways [169]. In fact, a growing body of
evidence suggests that complement proteins have neuroprotective effects in the developing and
adult brain [170][171]. Neurogenesis and synapse elimination are heavily influenced by the
complement system, particularly in the early stages of the neurodevelopment [170][172].
Complement protein C1 complex is most commonly known for its neuroprotective role in
enhancing and refining the neural network through phagocytosis of apoptotic cells and immune
complexes [173]. The C1 complex is composed of a C1q and two each of C1r and C1s molecules.
C1q, the largest subcomponent of the cascade initiator of C1 pathway, is composed of 6 of each
A, B and C chains comprising 18 polypeptide chains [174]. In addition to a role in synaptic
elimination, complement protein subcomponent C1q has been shown to increase neuronal survival
and branching in absence of other complement components [175] and this effect could be mediated
via upregulation of genes associated with neurotrophic factors (neural growth factor, and
neurotrophin 3), cytoskeletal (syntaxin-3), and cholesterol metabolism (cholesterol-25-
hydroxylase) [176]. During development C1lq is expressed in synaptic regions, and synapse

elimination is mediated by C1q during the period of synaptic pruning. Therefore deficiencies in
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C1q or downstream complement components can lead to neuronal defects and other detrimental
effects [172]. These data confirm a direct neuroprotective role of Clq in the physiological
condition. In peripheral phagocytes C1qg downregulates proinflammatory cytokine expression and
supports the overall clearance of cellular debris. C1q binds to apoptotic cells flagging them to be
cleared out before they release neurotoxic components [177]. Despite several physiological
functions, dysregulated activation of the complement pathways in the central nervous system
(CNS) have been usually considered detrimental in various conditions including AD [178].
Treatment with a cyclic hexapeptide C5a receptor antagonist (PMX205) has been shown to reduce
fibrillary amyloid deposition and glial activation, while rescuing cognitive impairment in passive
avoidance task in Tg2576 Swedish mutant mice [179]. Neuronal C1q is normally down-regulated
in adult CNS, but is found to be upregulated in the advent of injury or early stages of disease [170].
Interestingly, C1q is found to be induced in the brain in response to neuronal injuries in AD and
blocks fibrillary forms of AP neurotoxicity in vitro [180]. Benoit et al. demonstrated that Clq
protect both immature and mature primary neurons against fibrillary and oligomeric AP toxicity
[181]. Depending on the timing and environment, C1q can either be neuroprotective or induce an
inflammatory environment leading to neurodegeneration in adult brain. Loeffler et al., reported
that C3b and iC3b (i.e., proteolytically inactive product of C3b which prevent complement cascade
activation) are also accumulated on AD-affected neurons, much like C1q [182].

Given that sAPPa has anti-amyloidogenic properties, the primary known o-secretases
which cleave APP are non-specific and stimulating them could generate unwanted off-target
effects. Our preliminary data show that a-secretase-like enzymatic activity in CBS is not mediated
by ADAMI10 or TACE, the major a-secretases that cleave APP in AD. In addition, we purified

and identified a CBS specific fraction aCBSF, with more than thousand fold increased a-secretase
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activity, which markedly increased cerebral SAPPa, decreased AB production and abnormal tau
phosphorylation and ameliorated cognitive impairment in two (3xTg-AD and 5XFAD) AD mouse
models [168]. In support of this hypothesis, we have tested further for the identification of the
heat-sensitive protein factor(s) exerting this novel enzymatic function. Here, we have recently
identified a novel role for complement protein C1 complex in the CNS. Multi-step fractionations
followed by LC-MS/MS analyses of CBS have identified several proteins compared to AgBS, each
of which could potentially generate SAPPa. by cleaving APP in cellular system. Utilizing in vitro
CHO/APPwt, N2a/APPwt, and TgAPPwt primary neuronal cell lines, we found that a-secretase-
like enzymatic activity promoting SAPPa. may be in part mediated by complement protein C1
complex. These results point to a novel neurotrophic function of complement protein C1 complex

which requires further investigation.

Materials and methods
Reagents and antibodies

CBS was obtained from Lee Biosolutions (St. Louis, MO, USA). CBS was separated from
umbilical cord blood by allowing clotting for 5-10 h in tubes without anticoagulant followed by
centrifugation at 3,500 rpm for 5-10 min and filtration through a membrane with a pore size of
0.22 um. Individual CBS samples were prepared from a single lot of cord blood, and more than
ten samples of CBS were combined as “pooled CBS”. Normal human aged blood serum (AgBS,
>75 years old) were obtained from Florida Blood Services (Tampa, FL, USA). All sera were heat-
activated. Heat inactivation of human sera was conducted at 56 ° C for 30 min. Complement
proteins, complement depleted sera, and complement inhibitors were acquired from the following

sources. Human complement protein C1 inhibitor (Cat# GF178), complement protein C1 from
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human serum (Cat# 204873), complement protein C3-depleted human serum (Cat# 234403), and
complement protein C1g-depleted human sera (Cat# 234401) from MilliporeSigma, St. Louis,
MO, USA. Complement protein C3 from human serum (Cat# A113), and complement iC3b from
human serum (Cat# A115) are from Complement Technology, Inc. Tyler, Texas, USA.
Complement protein C1q from human serum (Cat# 204876) from Calbiochem, UK. Compstatin,
complement protein C3b inhibitor human (Cat# SB 431542) was acquired from Tocris Bioscience,
Minneapolis, MN, USA. Sera from C1qa deficient (def) mice (129P2/OlaHsd, 3 months age) were
kindly provided by Dr. Andrea J. Tenner (University of California, Irvine, USA). Antibodies used
in this studies include: specific anti-sAPPa monoclonal antibody (2B3; IBL, Minneapolis, MN,
USA, Cat# 11088 RRID: AB_494690), anti-APP C-terminal polyclonal antibody (pAb751/770;
EMD Millipore, La Jolla, CA, USA, Cat# 171610, RRID: AB_211444), anti-N-terminal AB
monoclonal antibody (6E10; Covance Research Products, Emeryville, CA, USA), and anti-f-actin
monoclonal antibody (Cat# A5316, RRID: AB_476743) from MilliporeSigma, St. Louis, MO,

USA. Human sAPPa ELISA assay kit was purchased from IBL AMERICA, MN, USA.

CBS and AgBS fractionation

In order to purify and characterize the a-secretase in CBS or AgBS, the Econo-Pack Serum
IgG purification kit, and 10 DG columns (Bio-Rad, Philadelphia, PA, USA) were initially
employed to remove highly abundant 1gG and salts. The desalted serum was applied to DEAE
Affi-Gel blue columns and residual 1gG was eluted according to the instructions. Then 20
additional protein fractions were collected by eluting with an ionic strength gradient of NaCl buffer
ranging from 0.1 M to 2.0 M. The remaining proteins on the column were eluted by the
regeneration buffer included in the kit and collected as the regeneration fraction. The 0.8 M NaCl

eluted protein fractions were combined together and sent to Moffitt Cancer Center protein
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purification core for further separation by size exclusion chromatography, employing analytic
Superdex 200 columns and eluting with PBS, and ion-exchange chromatography, employing Q-
Sepharose columns and eluting with 500 mM NaCl, 50 mM Tris, pH 7.6. The final enzyme
containing fractions were exchanged to PBS buffer by Ultracel-10 membranes (10 kDa, Merck

Millipore) for further experimentation and referred to as aCBSF or AgBSF (Figure 3-1).

LC-MS/MS

Briefly each lane gel slices were destained using acetonitrile and subjected to tris 2-
carboxyethy-phosphine (TCEP) reduction and iodoacetamide alkylation followed by in-gel trypsin
digestion, extraction and vacuum centrifugation concentration. A nanoflow liquid chromatograph
(U3000, Dionex, Sunnyvale, CA) coupled to an electrospray ion trap mass spectrometer (LTQ-
Orbitrap, Thermo, San Jose, CA) was used for tandem mass spectrometry peptide sequencing
experiments. Total 5 uL sample was first loaded onto a pre-column (5 mm x 300 um ID packed
with C18 reversed-phase resin, 5 pm, 100A) and washed for 8 min with aqueous 2% acetonitrile
and 0.04% trifluoroacetic acid. Next, the trapped peptides were eluted onto the analytical column,
(C18, 75 um ID x 15 cm, Pepmap 100, Dionex, Sunnyvale, CA). The 120-min gradient was
programmed as: 95% solvent A (2% acetonitrile + 0.1% formic acid) for 8 min, solvent B (90%
acetonitrile + 0.1% formic acid) from 5% to 50% in 90 min, then solvent B from 50% to 90% B
in 7 min and held at 90% for 5 min, followed by solvent B from 90% to 5% in 1 min and re-
equilibrate for 10 min (60-min gradient setup). The flow rate on analytical column was 300 nl/min.
Five tandem mass spectra were collected in a data-dependent fashion following each survey scan.
The MS scans were performed in Orbitrap to obtain accurate peptide mass measurement and the
MS/MS scans were performed in linear ion trap using 60 second exclusion for previously sampled

peptide peaks. The LC-MS/MS data were submitted to a local MASCOT server Swiss-Prot

69



Human database for MS/MS protein identification search via ProteomeDiscoverer software. Two
trypsin missed cleavages were allowed, the precursor mass tolerance was 1.08 Da. The MS/MS
mass tolerance was 0.8 Da. The incorrect detection rate in each LC-MS/MS analysis was set to be

less than 1%.

Cell culture

Chinese hamster ovary (CHO) cell line with stable expression of human wild-type APP
(CHO/APPwt) was a generous gift from Drs. Stefanie Hahn and Sascha Weggen (University of
Heinrich Heine, Dusseldorf, Germany). These cells were initially genotyped to confirm their
genetic make-up. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS), 1 mM sodium pyruvate and 100 U/mL of penicillin/streptomycin.
For treatment, the cells were plated in 24-well plate at 2 x 10° cells /well for overnight incubation,
washed and treated with CBS, heat inactivated (56 °C, 30 min) CBS, AgBS, or a.CBSF, AgBSF
in DMEM. After treatment, supernatants were collected and the cells were washed with ice cold
PBS 3X and lysed with cell lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1ImM EDTA, 1 mM
EGTA, 1% v/v Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM B-glycerolphosphate, 1 mM
NasVVO4, 1 pg/mL leupeptin, and 1 mM PMSF; Cell Signaling Technology). Both cell
supernatants and lysates were used for SAPPa analysis by ELISA. In addition, murine N2a cells
transfected with APPwt (N2a/APPwt) and primary neuronal cells were obtained from cerebral
cortices of TQJAPPwt mouse embryos, between 15 and 17 days in utero, as described previously
[85]. For TgAPPwt mouse-derived cortical neurons, cerebral cortices were isolated from
TgAPPwt mice between 15 and 17 days in utero and mechanically dissociated in trypsin (0.25%)
individually after incubation for 15 min at 37 °C. Cells were collected after centrifugation at 1200

g, suspended in DMEM supplemented with 10% fetal calf serum, 10% horse serum, uridine (33.6
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mg/ml, Sigma-Aldrich), and fluorodeoxyuridine (13.6 mg/ml, Sigma-Aldrich) and seeded in 24-
well collagen-coated culture plates at 2.5 x 10° cells per well. After reaching confluence (~70—
80%). these cells were treated with purified human complement C1 at O, 5, 10, or 20 pg/mL for
4h, supernatants were collected for SAPPa. measurement by ELISA and cells were washed with
ice cold PBS 3X and lysed with cell lysis buffer followed by western blotting using 6E10 and

pAb751/770 antibodies.

Transgenic APPwt mice

Transgenic wild-type B6.Cg-Tg (PDGFB-APP) 5Lms/J strain (TgAPPwt) male and female
mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). All mice were housed
in the Animal Facility in College of Medicine at the University of South Florida and maintained
on a 12-h light/12-h dark cycle at ambient temperature and humidity with ad libitum access to food
and water. All animal experiments involving mice were performed in compliance with the US
Department of Health and Human Services Guide for the Care and Use of Laboratory Animals and
in accordance with the guidelines of the University of South Florida Institutional Animal Care and

Use Committee.

WB analysis and ELISA

WB analyses and quantification were performed as previously described. Briefly, the
proteins from the cell-free suspensions, cell lysates, and homogenized tissue were
electrophoretically separated using 10% bicine/tris gel (8 M urea) for proteins less than 5 kDa or
10% tris/SDS gels for larger proteins. Electrophoresed proteins were transferred to nitrocellulose
membranes (Bio-Rad), washed and blocked for 1 h at room temperature in tris-buffered saline

containing 5% (w/v) nonfat dry milk (TBS/NFDM). After blocking, membranes were hybridized
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overnight with various primary antibodies, washed and incubated for 1 h with the appropriate
HRP-conjugated secondary antibody in TBS/NFDM and developed using the luminol reagent
(Thermo Fisher Scientific, Waltham, MA, USA). Soluble sAPPa. in the media was quantified with
the IBL human sAPPa colorimetric sandwich ELISA kit according to the manufacturer’s

instructions.

Statistical analysis

Comparison between two groups was performed by Student's t-test analysis. For more than
two groups, one-way analysis of variance (ANOVA) followed by LSD post hoc analysis was used
to compare each other for statistical significance. Alpha was set at 0.05 for all analyses. All
molecular analyses were repeated three times in parallel. Data are expressed as mean £ SEM. The
statistical package for the social sciences release IBM SPSS 23.0 (IBM, Armonk, NY, USA) was

used for all data analyses.

Results
Heat-sensitive APP a-secretase activity in CBS

In order to identify the source of a-secretase in CBS, we initially confirmed that CBS
possesses heat-labile a-secretase activity. CHO/APPwt cells were treated with CBS (2%) for 0,
5, 10, 15, 30, 60, and 120 min, followed by determination of SAPPa in conditioned medium by
ELISA. CBS caused a time-dependent increase in SAPPa release from CHO/APPwt cells that was
significantly greater than the control treatment (Figure 3-2a; *p < 0.05, **p < 0.01, ***p < 0.001).
Similarly, CHO/APPwt cells were treated for 2 h with 0, 0.25, 0.5, 1, 2, and 5% CBS, followed by

determination of SAPPa in conditioned medium by ELISA. CBS caused dose-dependent release
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of SAPPa in culture medium from CHO/APPwt cells that was significantly greater than the control
treatment (Figure 3-2b; *p < 0.05, **p < 0.01, ***p < 0.001). Next, we wanted to determine if heat
inactivation of serum reduces SAPPa producing capacity of CBS. CHO/APPwt cells were treated
with 2% whole or heat-inactivated CBS or AgBS (56 °C for 30 min) for 2 h followed by
determination of SAPPa in conditioned media by ELISA. Both CBS and AgBS heat-inactivation
significantly limited SAPPa releasing capacity (Figure 3-2c¢; *p < 0.05, **p < 0.01, ***p <0.001).
Furthermore, CHO/APPwt cells were treated with 2% whole or heat-inactivated aCBSF or AgBSF
for 2 h followed by determination of SAPPa in conditioned media by ELISA; Figure 3-2d; *p <
0.05, **p < 0.01, ***p < 0.001). As shown most recently, purification significantly enhanced the
SAPPa producing capacity of CBS and AgBS, which again was significantly limited by heat
inactivation. These results confirm that CBS possesses an enhanced level of heat-sensitive o-

secretase activity.

Proteomic analyses of CBSF and AgBSF

Having shown that CBSF possesses an enhanced a-secretase activity, we next set out to
determine the molecular source of o-secretase in CBSF and AgBSF by LC-MS/MS
analysis. From 142 major proteins identified, we selected those most likely to exhibit o-secretase
activity. Several of the major proteins identified in aCBSF and AgBSF are shown in Figure 3-3.
Of these proteins, the subunits of complement protein C1 complex (C1qg, C1r and C1s) and alpha-
2-macroglobulin showed significantly greater levels in aCBSF compared with AgBSF (Figure 3-
3; *p< 0.05, **p < 0.01). Notably, the levels of complement proteins C3, C4, C5, C6 and C8
complexes, ApoE, ApoB100 and full-length APP (fAPP) were not significantly different between

oCBSF and AgBSF (p > 0.05). Complement proteins C1 and C3b complex have proteolytic
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activity, which can be inactivated at 56 °C for 30 min. These proteins play important roles in
neurodevelopment and provide early protection against stress or disease, including AD. Thus, we
hypothesized that the heat-labile a-secretase activity in CBS is mediated in part by complement

protein C1 complex or C3b.

CBS-mediated a-secretase-like cleavage of APP is independent of complement C3b

In order to determine if a-secretase activity of CBS is mediated by activation of
complement protein fragment C3b, we investigated whether depletion of complement protein C3
could limit the a-secretase-like activity of CBS. CHO/APPwt cells were treated with C3 depleted
CBS (2%) for 0, 15, 30, 60, and 120 min followed by determination of sAPPa in conditioned
medium by ELISA. Depletion of C3 complement protein did not change sAPPa producing
capacity of CBS in CHO/APPwt cells (Figure 3-4d; *p < 0.05, **p < 0.01, ***p < 0.001). In order
to confirm that C3b complement does not mediate a-Secretase activity in CBS, we pre-incubated
whole or C3 depleted CBS (2 %) with the C3b inhibitor compstatin at 0, 6, 12, 25, 50, and 100
pM for 15 min at 37 °C and then treated CHO/APPwt cells with these premix complexes separately
for 2 h. Compstatin did not alter sAPPa production significantly elicited by whole (Figure 3-4a;
p > 0.05) or C3-depleted serum (Figure 3-4b; p > 0.05). Therefore, CBS a-secretase-like activity
is independent of enzymatic activity of complement C3b protein.

In order to determine if complement protein component C3b acts an inhibitor of CBS a-
secretase-like activity, CHO/APPwt cells were treated for 2 h with premixes of CBS (2%) and
iC3b (0, 1.25, 2.5, 5, 10, and 20 pug/mL), the proteolytically inactive product of C3b which prevents
complement cascade activation. The sAPPa producing capacity of CBS was not altered by iC3b
as determined by sAPPa ELISA (Figure 3-4c; p > 0.05), indicating that complement C3b protein
does not act as a potent CBS a-secretase inhibitor.
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CBS a-secretase-like activity is mediated in part by complement protein C1 complex

To determine if a-secretase-like activity in CBS is mediated by complement protein C1
complex, we determined CBS a-secretase activity in the presence of complement protein C1
inhibitor. CHO/APPwt cells were treated with aCBSF (1 and 2%) in the presence of complement
protein C1 inhibitor at 0, 50, 100, and 200 pg/mL for 2 h. C1 inhibitor markedly reduced sAPPa
released by aCBSF (1 and 2%) in a dose-dependent fashion, as determined by ELISA (Figure 3-
5a; *p < 0.05, **p < 0.01, ***p < 0.001) and WB (2% CBS; Figure 3-5b; *p < 0.05, **p < 0.01,
***p < 0.001; quantification not shown), indicating that a-secretase-like activity in CBS is
mediated in part by complement C1 protein. In addition, we determined the effect of purified
human C1 complement protein on sAPPa production in N2a/APPwt and TgAPPwt/primary
neuronal cells in absence of sera. Complement protein C1 dose-dependently increased sAPPa and
o-CTF production in N2a/APPwt cells (Figure 3-5c-e; **p < 0.01, ***p < 0.001) and
TgAPPwt/primary neuronal cells (Figure 3-5f-h; *p < 0.05, **p < 0.01) in absence of serum, as
determined by ELISA and WB. These results indicate that complement protein C1 complex
mediates a-secretase-like activity in CBS.

In order to confirm that complement C1 but not C3 protein has a-secretase-like activity,
CHO/APPwt cells were treated with purified human complement C1 or C3, or C1q subunit, at 0,
2.5, 5, 10, and 20 pg/ml in serum free media for 2 h followed by determination of SAPPa in
conditioned medium by ELISA. As expected, complement protein C1 significantly increased
SAPPa production in a dose-dependent fashion, whereas C1q alone minimally increased and
complement protein C3 did not increase SAPPa production in serum free medium (Figure 3-6a,
*p <0.05, **p <0.01). In contrast, both complement C1 and C1q protein component significantly

increased SAPPa production in CHO/APPwt cells cultured in C1qg depleted sera (Figure 3-6b, **p
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< 0.01, ***p < 0.001), and complement protein C1 significantly increased sAPPa and o-CTF
level, while decreasing AB and B-CTF level in CHO/APPwt cells in presence of whole sera as
determined by WB (Figure 3-6¢).

In order to investigate the role of complement protein C1 in mediating a-Secretase activity
in whole blood plasma, CHO/APPwt cells were treated with plasma from Clga deficient mice or
age-matched wild-type littermates. Interestingly, the production of SAPPa elicited by plasma from
male Clqa deficient mice was not significantly different (Figure 3-6d, p > 0.05) whereas that
elicited by plasma from female C1qa deficient mice was significantly greater than that elicited by
age- and gender-matched plasma from wild-type littermates (Figure 3-6d, **p < 0.01). Therefore,
plasma a-secretase activity is not significantly altered by Clga deficient in male mice but
significantly enhanced by Clqga deficient in female mice. These results are consistent with C1-
mediated o-Secretase playing an important role in male and female individuals but that other a-
secretases compensate in its absence. In addition, the elevated sAPPa production capacity in
female compared to male Clqa deficient mice indicate a unknown function of this neurotrophic

fragment in the peripheral system of females.

Altogether, these results confirm that APP a-secretase-like activity in human blood serum
is mediated by complement protein C1 complex. The inability of C1q to rescue a-secretase

activity in serum free media is likely due to the absence of components C1s and C1r, which are

required to complex with C1q in C1 for proteolytic activity.

Discussion
In our previous study, we have shown that peripheral administration of HUCBC [37] as
well as HUCBC-derived monocytes [38] reduce cognitive impairments and f-amyloid plaques in
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PSAPP AD mice. In a subsequent study, we showed that human CBS also has a-secretase-like
activity which likewise reduces cognitive impairment, tau hyperphosphorylation and plaque
deposition in AD mice [168] [183]. The present study further investigated the component of CBS
that attenuates B-amyloid plaques, especially through the increased production of the neurotrophic
SAPPa. Our results confirm the presence of a-secretase-like enzyme activity within the CBS,
reflected by elevated production of SAPPa. Interestingly, heat-inactivation of a-secretase activity
of CBS at 56 °C for 30 min inspired us to assume that o-secretase-like activity is mediated by a
complement protein. This is further reinforced by the result of LC-MS/MS data, which indicate
the dominance of complement protein C1 subcomponents (C1lqg, C1r, and C1s), C3b, and C4
proteins in aCBSF as well as AgBSF (Figure 3-3). Further investigations using complement
inhibitors and C1 complement protein depleted serum reveal that endogenous C1 complex
enhances SAPPa production in cell culture and primary neuronal cell line, including CHO/APPwt
(Figure 3-5b), N2a/APPwt (Figure 3-5c-e), and TgAPPwt/primary neuronal cells (Figure 3-5f-h).
As previously mentioned, complement protein C1 is composed of a C1q, and two each of C1r and
C1s. Clq is composed of 6 of each A, B and C chains comprising 18 polypeptide chains [174].
Modifying various factors revealed that C1q depleted serum elicited less SAPPa production in
comparison with the whole serum, highlighting the crucial nature of C1g-mediated o-secretase
activity in CBS (Figure 3-6a-c). Interestingly, our results indicate that the inability of C1q to
rescue o-secretase-like activity in serum free media is likely due to the absence of Cl1s and C1r
subcomponents, which are required to form complex with C1q in C1 for proteolytic activity (Fig
3-6a). It should be noted that C1r and C1s, are serine proteases, which form the complete initiation

complex of C1gC1r2C1s2 when activated by C1q binding to an immune complex [184].
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Initially, C1q synthesis serves to be protective by aiding in clearance of apoptotic cells and
regulating the environment to prevent further neurotoxicity from spreading [180]. It has been
proposed that C1q and C3 opsonisation [185][186] accelerate clearance of AP. In addition, C1q-
mediated protection against AP is associated with expression of low-density lipoprotein receptor-
related protein 1B and G-protein-coupled receptor 6 as early as 2 months of age in 3XTg-AD
mouse model [181]. Despite the critical role C1q plays in immune regulation and neuroprotection,
evidence has also suggested that C1q could potentially be proinflammatory [187]. Clq is
synthesized when there is an injury in the CNS [188]. By binding with B-sheet fibrillary plaques,
Clq activates the complement cascade that can have detrimental inflammatory consequences via
production of the chemotactic factor C5a and recruitment and activation of microglial cells to the
site of injury. This activation requires association of C1q with C1r and C1s as in the C1 complex.
As the disease pathology continues to progress, it causes more of the complement pathways to be
activated [189]. High density of negative charges in various regions, can activate the complement
system through an electrostatic interaction independent of antibodies [190]. This can be seen with
B-amyloid fibrils binding to arginine-rich segments within the § chain of C1q [191]. Consequently,
the fragments not only create further inflammation attracting glial cells, but can also activate
classical pathway triggering the release of more pro-inflammatory components. In a study done
with APPQ-/- mice, those lacking C1q are unable to activate the classical pathway because the
fibrillary AP interaction with Clq is not possible [192]. In AD pathology, factors leading to
neurodegenerative pathways of complement activation include C1q interaction with not only the
B-sheet fibrils, but also hyperphosphorylated tau [190]. Though these fibrils would normally be
cleared by microglia, binding of Clq to APi-42 peptide strands make it increasingly difficult for

microglia to clear out neurotoxic debris [193]. The general trend toward increased complement
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activation causes the activated microglia to further exacerbate inflammation as C1q upregulation
positively correlates with the quantity of reactive astrocytes making the blood-brain barrier
vulnerable [183].

Collectively, our results indicate that CBS contains proteins that promote a-secretase like
enzymatic activity (Figure 3-2). LC-MS/MS analysis in CBSF and AgBSF revealed the presence
of 142 proteins of which complement protein C1 subunits and alpha-2-macroglobulin showed
significantly greater levels in aCBSF compared with AgBSF (Figure 3-3). Upon further study,
complement protein C1 subunits showed enhanced sAPPa production and AP reduction in cell
culture studies (Figure 3-5 & 3-6). As discussed previously, Clq is known to have
proinflammatory and detrimental effect on neuronal tissue, which will limit the therapeutic
application of Clq. There may be other components in aCBSF contributing the beneficial effects
observed in transgenic AD mice. In addition, C1 has a-secretase activity, which may also compete
with amyloidogenic B-secretase pathway and reduce B-cleavage of APP when aCBSF was
administered in mice. There is much to be learned about the exact mechanisms of action of C1q,
especially how its neurotrophic effects may shift in AD pathology and instead lead to further
acceleration of neuro-detrimental inflammation. Nevertheless, our research identified an
additional and novel function in CBS by enhancing a-secretase-like activity and that the overall

reduction in B-amyloid plaques incites a therapeutic potential for attenuating AD pathology.
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Figure 3-1 Work-flow for aCBSF and AgBSF fractionation.

Initially, CBS and AgBS were desalted followed by sequential chromatographic separation using
DEAE column, size-exclusion, and ion-exchange chromatography. Each fraction was collected
followed by efficacy testing by treating CHO/APPwt cells for sAPPa release. Eventually a fraction
(aCBSF) was chosen based on the highest capacity for sAPPa generation. LC-MS/MS was
performed to identify the source of the protein function.
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Figure 3-2 CBS significantly enhances APP a-cleavage in CHO/APPwt cells.

(a) Chinese hamster ovary cells overexpressing human wild-type APP (CHO/APPwt cells) were
treated for 0 - 120 min with CBS (2%). (b) Chinese hamster ovary cells overexpressing human
wild-type APP (CHO/APPwt cells) were treated for 2 h with CBS (0, 0.25, 0.5, 1, 2, and 5) %. (c).
Chinese hamster ovary cells overexpressing human wild-type APP (CHO/APPwt cells) were
treated for 2 h with CBS (0%, Ctrl), heated-inactivated CBS (2%), heated-inactivated AgBS (2%),
AgBS (2%), and CBS (2%). (d) Chinese hamster ovary cells overexpressing human wild-type APP
(CHO/APPwWt cells) were treated for 2 h with CBS (0%, Ctrl), heated-inactivated CBSF (2%),
heated-inactivated AgBSF (2%), fraction isolated from AgBS (AgBSF, 2%), and fraction isolated
from CBS (aCBSF, 2%) after purification as briefly described under “Materials and Methods”.
Then sAPPa release into the conditioned medium was analyzed by ELISA as described under
“Materials and Methods”. Data are presented as mean (= SEM.) of sAPPa produced (ng/mL or
ng/mg) from 3 independent experiments performed in triplicate where the asterisk (*) represent
following: *p < 0.05, **p < 0.01, ***p < 0.001), indicating a significant difference from control
treatment.
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Figure 3-3 Identification of proteomic profile of aCBSF and AgBSF.

The proteome of aCBSF and AgBSF were analyzed by LC-MS/MS. From 142 major proteins
identified, those exhibiting proteolytic and therefore potential o-secretase-like activity were
selected. Of these proteins, the subunits of complement protein C1q (**p < 0.001), C1r (*p <
0.05) and C1s (*p < 0.05) and alpha-2-macroglobulin (*p < 0.05) showed significantly greater
levels in aCBSF compared with AgBSF. Data are presented as mean (= SEM.) of number of
peptide hits from 3 independent experiments where the asterisk (*) represent following: *p < 0.05,
**p < 0.001, ***p < 0.01), indicating a significant difference.
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Figure 3-4 CBS mediated sAPPa release by CHO/APPwt cells is independent of complement
protein C3b.

C3b inhibitor at indicated concentration (0, 6, 12, 25, 50, and 100 uM) pre-incubated with CBS
(2%) as well as C3 depleted CBS (2%) for 15 min. (a). CHO/APPwt cells were treated for 2 h
with CBS (2%) + Compstatin (C3b inhibi). (b) CHO/APPwt cells were treated for 2 h with C3
depleted CBS (2%) + Compstatin (C3b inhibi). Then sAPPa release into the conditioned medium
was analyzed by ELISA as described under “Materials and Methods”. (c) In addition, CBS (2%)
incubated with iC3b at indicated concentration (0, 1.25, 2.5, 5, 10, and 20 pg/mL) and treated
CHO/APPwt cells for 2 h followed by sAPPa determination in the medium by ELISA. (d).
CHO/APPwt cells were treated with C3 depleted CBS (2%) for indicated time (0, 15, 30, 60, and
120) min. The sAPPa ELISA results are presented as mean (= SEM.) of sSAPPa produced (ng/mL
or ng/mg of total intracellular protein) from 3 independent experiments performed in triplicate
where the asterisk (*) represent following: *p < 0.05, **p < 0.01, ***p < 0.001), indicating a
significant difference from control treatment.
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Figure 3-5 A specific complement C1 protein inhibitor significantly reduces APP a-cleavage
induced by CBS.

(a) CHO/APPwt cells were treated for 2 h with CBS (1 and 2%) in the presence of C1 inhibitor at
indicated concentration (0, 50, 100, and 200) ug/mL, followed by analysis of SAPPa in conditioned
media by ELISA. (b). In addition, cell lysates from CHO/APPwt cells treated for 2 h with CBS
(2%) in the presence of complement protein C1 inhibitor at indicated concentration (0 - 200
ug/mL) were subjected to WB analysis of sAPPa levels. (c) N2a/APPwt cells and (f)
TgAPPwt/mouse primary neuronal cells were treated with purified human complement C1 protein
complex at indicated dose (0, 5, 10, and 20) pg/mL in serum free condition for 4 h followed by
analysis of holo APP, sAPPa and aCTF in cell lysates by WB (c & f). The levels of sAPPa in
conditioned media as determined by ELISA (d & g) and band density radios of a-CTF to (full-
length) holo APP (e & h) are presented below each blot. The sAPPa ELISA results were presented
as mean (x SEM., ng/mL or ng/mg of total intracellular protein, *p < 0.05, **p < 0.01, ***p <
0.005).
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Figure 3-6 The purified human complement C1 protein complex promotes APP a-cleavage.

(a) CHO/APPwt cells were treated for 4 h with purified human complement C1q subcomponent,
C1, and C3, at indicated concentration (0, 2.5, 5, 10, and 20) pug/mL in serum free media followed
by analysis of sAPPa in conditioned media by ELISA. (b) CHO/APPwt cells were treated for 2 h
with purified human complement C1qg subcomponent, C1, and C3, at indicated concentration (0,
2.5, 5, 10, and 20) pg/mL in C1q depleted serum followed by analysis of sAPPa in conditioned
media by ELISA. (c) In order to further determine the effect of complement C1 protein on APP
processing, CHO/APPwt cells were treated for 2 h with purified complement C1 protein at
indicated concentration (0, 2.5, 5, 10, and 20) pug/mL in the absence of whole serum and cell lysates
were prepared from each treated cell culture for analysis of holo APP, sAPPa, AP and a- and B-
CTF by WB. The sAPPa ELISA results are presented as mean (+ S.E.M) (ng/mL). (d) Evaluation
of Clga deficient mouse sera in APP a-cleavage processing. CHO/APPwt cells were treated for
2 h with plasma (2%) obtained from Clga knockout mice or wild-type littermates at 3 months of
age (n =5 males or 3 females for each group) followed by determination of sSAPPa in conditioned
media by ELISA. The sAPPa ELISA results were presented as mean (= SEM., ng/mL or ng/mg
of total intracellular protein, *p < 0.05, **p < 0.01, ***p < 0.005).
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CHAPTER 4

lonic co-crystal of lithium salicylate proline (LISPRO) mitigates g-amyloid

and associated pathologies in Alzheimer’s mice
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re-used in any way subject only to proper citation.
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Chapter synopsis
Lithium has been marketed in the United States of America since the 1970s as a treatment
for bipolar disorder. More recently, studies have shown that lithium can improve cognitive decline

associated with Alzheimer’s disease (AD). However, the current United States Food and Drug
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Administration-approved lithium pharmaceutics (carbonate and citrate chemical forms) have a
narrow therapeutic window and unstable pharmacokinetics that, without careful monitoring, can
cause serious adverse effects. Here, we investigated the safety profile, pharmacokinetics, and
therapeutic efficacy of LISPRO (ionic co-crystal of lithium salicylate and I-proline), lithium
salicylate, and lithium carbonate (LioCOz). We found that LISPRO (8-week oral treatment)
reduces B-amyloid plaques and phosphorylation of tau by reducing neuroinflammation and
inactivating glycogen synthase kinase 3B (GSK3p) in transgenic Tg2576 mice. Specifically,
cytokine profiles from the brain, plasma, and splenocytes suggested that 8-week oral treatment
with LISPRO down-regulates pro-inflammatory cytokines, up-regulates anti-inflammatory
cytokines, and suppresses renal COX2 expression in transgenic Tg2576 mice. Pharmacokinetic
studies indicated that LISPRO provides significantly higher brain lithium levels and more steady
plasma lithium levels in both B6129F2/J (2-week oral treatment) and transgenic Tg2576 (8-week
oral treatment) mice compared to LioCO3z. Oral administration of LISPRO for 28 weeks
significantly reduced B-amyloid plaques and tau-phosphorylation. In addition, LISPRO
significantly elevated pre-synaptic (synaptophysin) and post-synaptic protein (postsynaptic
density protein 95) expression in brains from transgenic 3XTg-AD mice. Taken together, our data
suggest that LISPRO may be a superior form of lithium with improved safety and efficacy as a

potential new disease modifying drug for AD.

Background

Alzheimer’s disease (AD) affects memory and cognition irreversibly, and is one of the
most critical public health concerns for the elderly. Extracellular amyloid plaques (mostly
amyloid-p, AB) [194] and intracellular neurofibrillary tangles (NFTs; paired helical filament of

hyperphosphorylated tau) [195] are neuropathological hallmarks of AD which severely affect the

87



hippocampus and neocortex [196]. Currently, the United States Food and Drug Administration
(FDA) has approved acetylcholinesterase inhibitors (i.e., donepezil, rivastagmine, and
galantamine) and/or N-methyl D-aspartate antagonists (i.e., memantine) for AD intervention [197].
However, no pharmacological or non-pharmacological intervention is wholly-available that is
effective in preventing or slowing the progression of the disease. Therefore, large numbers of AD
patients and their care givers urgently await better alternatives.

Lithium has been used to treat mania and depression since the mid-20" century [198] and,
despite the advent of newer medications, it is still considered the gold standard for the treatment
of bipolar disorder [199][200]. While lithium is currently FDA approved as a mood stabilizer for
the treatment of bipolar disorder, it is also commonly prescribed off-label for other
neuropsychiatric symptoms including suicidality and impulsive aggression, [199] as well as
neurodegenerative diseases such as AD [201]. Nunes and colleagues observed in a 18-month
clinical study that AD patients treated daily with micro-doses of lithium performed at a consistent
level on the mini-mental status exam (MMSE), indicating arrested cognitive decline compared to
the placebo-group [202]. Moreover, Forlenza and colleagues reported in their 1-year clinical trial
study that patients with amnestic mild cognitive impairment treated with chronic low-dose lithium
progressed less to AD compared to the placebo-group [200]. The treated patients performed higher
on the cognition subscale of the AD Assessment Scale and had decreased concentrations of
phosphorylated tau in their cerebrospinal fluid (CSF), indicating lithium as a potential therapeutic
for AD [200].

Several mechanisms may underlie lithium’s potential neuroprotective efficacy for AD. An
important mechanism of lithium is that it inhibits certain enzymes in a noncompetitive manner by

displacing the required divalent cation, magnesium [88]. Klein and Melton identified glycogen
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synthase kinase 3p (GSK3p) as one such molecular target of lithium [89]. In the context of AD,
this enzyme phosphorylates tau at most serine and threonine residues in the paired helical
filaments. GSK3 activity contributes both to AP production and Af-mediated neuronal cell death
[90]. AP is derived from amyloid precursor protein (APP) by sequential proteolysis, catalyzed by
the aspartyl protease [3-site amyloid precursor protein cleaving enzyme 1 (BACEL), followed by
presenilin-dependent y-secretase proteolysis [56]. Therapeutic doses of lithium block the
production of AP peptides by interfering with APP cleavage at the y-Secretase step, without
inhibition of Notch processing, by targeting GSK3a [91]. Lithium also blocks the accumulation
of AP in brains of mice overexpressing APP by inhibition of GSK3p, implicating its requirement
for maximal processing of APP [92]. Since GSK3p also phosphorylates tau protein, inhibition of
GSK3p offers a new approach to reduce the formation of both B-amyloid plaques and NFTs.
Interestingly, combined transgenic mice overexpressing GSK3 with transgenic mice expressing
tau with a triple FTDP-17 mutation develop prefibrillar tau-aggregates that are averted by lithium
[93].

Despite its medicinal advantages, current lithium pharmaceutics (i.e., carbonate and citrate
chemical form) approved by FDA are known to cause serious short- and long-term side effects in
humans. The drugs have a narrow therapeutic window (0.6-1.5 mM), as the commonly used
lithium salts cross the blood-brain-barrier slowly, [203][204] requiring multiple doses throughout
the day to reach safe therapeutic plasma levels. Moreover, required therapeutic doses oftentimes
lead to excess accumulation of lithium ions in peripheral organs, particularly the kidney and heart.
Dehydration, in the setting of lithium therapy, may result in renal and cardiac toxicity,
hypothyroidism, hyperparathyroidism, weight gain, and nephrogenic diabetes insipidus [205].

Lithium intoxication ensues with supratherapeutic serum concentrations, producing symptoms
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such as loss of consciousness, muscle tremor, epileptic seizures, and pulmonary complications
[206]. As such, lithium administration requires frequent monitoring of blood chemistry and
lithium plasma levels, which can discourage physicians from prescribing lithium in favor of other
therapeutics which do not require monitoring plasma levels to avoid the potential side-effects
noted. This is especially true in the elderly who often have an array of comorbidities that
necessitate polypharmacy. Hence, there is a demand for a safer and better lithium formulation to
treat AD.

We have previously reported the development of a novel ionic cocrystal of lithium with an
organic anion, salicylic acid, and I-proline (LISPRO, LP). The unique crystal structure of LISPRO
does not negatively affect the bioactivity of lithium at several potential therapeutic targets related
to AD treatment, namely induction of brain-derived neurotrophic factor (BDNF) from neurons,
inhibition of lipopolysaccharide induced nitric oxide (NO) production from microglia, neural
differentiation, and inhibition of GSK3p in neural stem cells. While LISPRO either outperformed
or matched the efficacy of equimolar concentrations of lithium salt controls at these targets in vitro,
the cocrystal distinctly modulated lithium pharmacokinetics in vivo. For example, rats
administered with a single oral high dose of LISPRO had detectable brain lithium levels at 48 h,
while those receiving the equimolar equivalent of conventional carbonate chemical form of lithium
did not. In addition, LISPRO produced a steady plasma lithium plateau over a 48-h period whereas
carbonate chemical form of lithium produced the typical plasma lithium spike thought to be
associated with adverse events [87][149]. Moreover, salicylic acid in the crystal reduces
neuroinflammation associated with AD, being the active metabolite of aspirin. These data point

to the potential for increased safety and efficacy profile of LISPRO.

90



In this study, we more thoroughly evaluated the therapeutic efficacy and safety profile of
LISPRO on ameliorating AD-like pathology in cell culture systems and transgenic AD mouse
models (i.e., Tg2576 and 3XTg-AD mice). We found that LISPRO has a superior pharmacokinetic
and safety profile compared to traditional lithium chemical form, promoting us to further

investigate the therapeutic efficacy for AD treatment.

Materials and methods

Reagents
For preparation of LISPRO (LP), lithium salicylate (LS) [> 98% pure, anhydrous, 1 mM

(Sigma-Aldrich, St. Louis, MO, USA)] and L-proline (> 99% pure, Sigma-Aldrich, 1 mM) were
dissolved in 2.0 ml of hot deionized water. The resulting solution was maintained on a hot plate
(75-90 °C) to allow slow evaporation of solvent until colorless crystals had formed, which were
collected and dried (evaporation at 1 atmospheric pressure). For preparation of lithium carbonate
(LC), [299% ACS grade, 1 mM (Sigma-Aldrich)] were suspended in 1-2% methylcellulose [12-

18 cP, 1-2% in H20 (20 °C) (Sigma-Aldrich)] solution.

Antibodies

Primary antibodies include anti-APi-16 (6E10, Covance Research Products, Emeryville,
CA, USA), anti-Api7-24 (4G8, Covance Research Products), anti-p-tau (Thr®!, EMD Millipore,
Billerica, MA, USA), anti-p-tau (Ser?®?, AT8, Thermo Fisher Scientific, Waltham, MA, USA),
anti-p-tau (Ser‘%*), anti-p-tau (Thr'®, AT270, AnaSpec, Fremont, CA, USA), anti-total tau (tau46,
Cell Signaling Technology, Danvers, MA, USA), anti-synaptophysin (Cell Signaling
Technology), anti-GSK3p (Ser®, Thermo Fisher Scientific), anti-cyclooxygenase 2 (COX2)
(Thermo Fisher Scientific), anti-light chain 3B (LC3B) (Thermo Fisher Scientific), anti--tubulin

11 (Thermo Fisher Scientific), anti-p-synapsin | (Thermo Fisher Scientific), anti- microtubule
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associated protein 2 (MAP2) (Thermo Fisher Scientific), anti- glial fibrillary acidic protein
(GFAP) (Thermo Fisher Scientific), anti- neuronal nuclei (NeuN) (Thermo Fisher Scientific), anti-
post synaptic density protein 95 (PSD95) (Thermo Fisher Scientific), and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Thermo Fisher Scientific) antibodies. Paired helical

filament 1 (PHF1) antibody was kindly provided by Dr. Peter Davies (Albert Einstein University).

Cell culture

HeLa cells stably transfected with wild-type 4RON human tau [HeLa/tau cells; kindly
provided by Dr. Chad Dickey, University of South Florida (USF) (Tampa, FL, USA)], human
neuroblastoma SH-SY5Y cells (ATCC, Manassas, VA), murine neuroblastoma cells (N2a cells),
murine neuronal stem cells (ATCC), human neural stem cells (H9-Derived, ATCC) were cultured
in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, 1 mM sodium
pyruvate, and 100 U/ml of penicillin/streptomycin. Kidney cells were cultured in InVitroGRO
medium (BioreclamationlVT, ATCC). Splenocytes from individual mice were prepared and
treated as previously described [207]. Primary neuronal cells were obtained from cerebral cortices
of Tg2576 mouse embryos, between 15 and 17 days in utero, as described previously [208][209].
These cells were treated with LP or LC at 0, 2.5, 5, 10, 20, or 30 mM for 12 h, supernatants were
collected and cells were washed with ice cold PBS 3X and lysed with cell lysis buffer (20 mM
Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% v/v Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM B-glycerolphosphate, 1 mM NazVVO4, 1 pg/ml leupeptin, and 1 mM PMSF)
(Sigma-Aldrich).

In addition, murine primary culture microglia was isolated from mouse cerebral cortices,
as described previously [37][210]. Briefly, cerebral cortices from newborn mice (1-day old) were

isolated under sterile conditions and mechanically dissociated at 4 °C. Cells were grown in RPMI
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1640 medium supplemented with 5% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, 0.1
ug/ml streptomycin, and 0.05 uM 2-mercaptoethanol for 14 days, after which only glial cells
remained. Astrocytes were separated from microglial cultures using a mild trypsinization protocol
as described [211]. Greater than 98% of these glial cells stained positive for anti-Mac-1 antibody
(Roche Diagnostics, Indianapolis, IN, USA) by fluorescence activated cell sorting (FACS)

analysis [212].

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was performed according to the
manufacturer’s instruction. Total AP species, including AP4o42 in cell conditioned media and brain
homogenates were detected by APi4os2 ELISA Kits (IBL America, Minneapolis MN, USA)
according to the manufacturer’s instructions. Inaddition, cytokines [TNFa, IL-10, and IL-12 (p70)
levels in brain homogenates and or in cell conditioned media were measured by ELISA (R &D
Systems, Minneapolis, MN) according to the manufacturer’s instructions. A levels are

represented as pg/mg (mean £ SEM) of total cellular protein.

Microglial inflammatory activity analysis

To determine the effect of LP on microglial pro-inflammatory activity, primary microglial
cells were treated with LP (0-20 mM) in the presence of interferon y (IFNy) (100 U/ml) and/or
CD40 ligand (CD40L, 1 pg/ml) for 8 h, and then pro-inflammatory microglial activation was
assessed by fluorescence-activated cell sorting (FACS) and ELISA analyses of CD40, tumor

necrosis factor o (TNFa), and interleukin-12 protein 70 (1L-12p70).
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Phagocytosis analysis

To determine the effect of LP on microglial AB phagocytosis, primary microglia were
pretreated with LP at 10 mM or vehicle (1% dimethyl sulfoxide) for 6 h followed by incubation
with 1 pM fluorescein isothiocyanate (FITC)-A42 for 1 h. Cellular supernatants and lysates were
analyzed for extracellular and cell-associated FITC-AB42 using a fluorometer and data were
represented as the relative fold of mean fluorescence change, calculated as the mean fluorescence

for each samples at 37 °C divided by mean fluorescence at 4 °C.

Autophagy analysis

In addition, the effect of LP and LC on microglial autophagy was determined by pretreating
microglial cells with LP, LC (10 mM), or phosphate-buffered saline (PBS) for 18 h, followed by
permeabilization, staining with autophagic marker LC3B antibody and determination of
fluorescent intensity of autophagosome and cytosol by a Slidebook digital microscopy (Version

5.0.0.1, Olympus America Inc., NY USA).

Mice

Triple transgenic (3XTg-AD) mice harboring APPswe, PSEN1 (PS1/M146V) and tau (P301L)
mutations (3XTg-AD, the Jackson Laboratory, Bar Harbor, ME, USA), Tg2576 mice harboring
APPswe (Taconic, Hudson, NY, USA) and wild-type B6129F2/J mice (the Jackson Laboratory)
were housed under standardized 12 h-light/12-h dark cycle at ambient temperature and humidity
with diet and water available ad libitum at the USF vivarium. The mice were allowed to acclimate
for a period of one week before any treatment. All experiments were conducted in accordance
with USF Institutional Animal Care and Use Committee approved protocols and guidelines of the

National Institutes of Health.
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Lithium treatment

Adult male B6129F2/J mice (2-month old) were treated for 2 weeks (acute) with one of six
diets, consisting of normal mice chow diet (Teklad 2018) containing low or high doses of LP (
0.18 or 0.35%; equivalent to 292 or 583 mg/kg/day), LS (0.10 or 0.20%; equivalent to 162 or 325
mg/kg/day), or LC (0.025 or 0.05%; equivalent to 42 or 83 mg/kg/day), yielding 1.125 or 2.25 mM
Li/kg/day, respectively, for all forms of lithium. In addition, both male and female Tg2576 (8-
month old) and 3XTg-AD mice (5-month old) were fed for 8 and 28 weeks (chronic) with one of
four diets respectively, consisting of normal mice chow alone or normal chow supplemented with
LC (0.05%), LS (0.20%), or LP (0.35%). These doses were chosen based on the literature and a

pilot study conducted at our laboratory using low- and high-doses of lithium salts.

Plasma and brain lithium measurement

After LP, LS, or LC treatment, mice were anesthetized with isoflurane, blood was collected
by cardiac puncture, the heart and vasculature were carefully perfused with ice-cold PBS
containing heparin (10 U/ml) and brain tissue was removed for lithium determination using atomic
absorption spectroscopy (AAS). Blood was centrifuged at 1,600 x g at room temperature for 10
min and 100 pl plasma was diluted 10 fold in 10% isopropyl alcohol containing 5% trichloroacetic
acid (IPA), vortexed, and incubated for 10 min to precipitate proteins. Supernatants were clarified
at 3,000 x g for 30 min prior to measuring lithium content (AA-6200, Shimadzu, Kyoto, Japan at
the Interdisciplinary Research Facility at USF). Each brain was divided coronally, the front half
was rinsed with PBS, weighed, suspended in an equal volume of concentrated HNO3, heated for 1
h at 100 °C, cooled to room temperature, centrifuged at 3,000 x g for 1 h, and the supernatant was

diluted 10 fold in 10% isopropyl alcohol prior to measuring lithium content using AAS (Shimadzu
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AA-6200). Peak absorbance were determined referring to values obtained for standards 1% HNO3

lithium solution (HIGH-PURITY STANDARDS, Charleston, SC, USA)

Western blot analysis

The posterior half of each brain was equally divided sagittally and one portion (one-fourth
of brain) was immediately frozen at liquid nitrogen, and stored at -80 °C for Western blot (WB)
analyses. Brains were homogenized (Minilys homogenizer, Bertin Technologies) in RIPA lysis
buffer (Cell Signaling Technology) containing protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific) and centrifuged at 14,000 rpm for 1 h at 4 °C. For WB analyses,
supernatants from cell lysates or homogenized tissue were electrophoretically separated using 10%
bicine/tris gel (8 M urea) for proteins less than 5 kD or 10% tris/SDS gels for larger proteins.
Electrophoresed proteins were transferred to nitrocellulose membranes (Bio-Rad, Richmond, CA,
USA), washed and blocked for 1 h at room temperature in tris-buffered saline containing 5% (w/v)
nonfat dry milk (TBS/NFDM). After blocking, membranes were hybridized overnight with
various primary antibodies, washed and incubated for 1 h with the appropriate HRP-conjugated
secondary antibody in TBS/NFDM. Blots were developed using the luminol reagent (Thermo
Fisher Scientific) and densitometry analysis was performed using an ImageJ software (Java

1.6.0_20, NIH, USA) as used previously.

Immunohistochemical analysis

The other posterior portion (one-fourth) of each brain was fixed in fresh 4%
paraformaldehyde solution for cryostat sectioning and free-floating 25-um coronal sections were
collected and stored in PBS with 100 mM sodium azide at 4 °C. Immunohistochemical (IHC)

staining was conducted according to the manufacturer’s instruction using a Vectastain ABC Elite
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kit (Vector Laboratories, Burlingame, CA, USA) coupled with the diaminobenzidine substrate.
Biotinylated anti-phospho-tau antibodies against different phospho-tau residues were used as
primary antibodies. Images were acquired as digitized tagged-image format files to retain
maximum resolution using a BX60 bright field microscope with an attached CCD camera system
(Olympus DP-70, Tokyo, Japan). Digital images were routed into a Windows PC for quantitative
analyses using an ImageJ software after obtaining a threshold optical density that discriminated
staining from background. Each anatomic region of interest was manually edited to eliminate

artifacts and selection bias was controlled for by analyzing each region of interest in its entirety.

Immunocytochemical analysis

After 30 min fixation with fresh 4% paraformaldehyde solution, immunocytochemical
(ICC) staining was conducted by indirect method and visualized by appropriate
immunofluorescence dye (i.e., FITC)-labeled secondary antibodies. Images were acquired as
digitized tagged-image format files to retain maximum resolution using a confocal microscope

with an attached CCD camera system (Olympus DP-70).

Statistical analysis

All data were normally distributed; therefore, in instances of single mean comparisons,
Levene’s test for equality of variances followed by the t-test for independent samples were used
to assess significance. In instances of multiple mean comparisons, one-way analysis of variance
(ANOVA) with post hoc Fisher’s LSD test was used. Alpha was set at 0.05 for all analyses. The
statistical package for the social sciences release IBM SPSS 23.0 (IBM, Armonk, NY) was used

for all data analyses.
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Results
Lithium pharmacokinetics during chronic LP, LC, and LS treatment

In our previous study, we monitored the pharmacokinetics of lithium following a single
dose of LP and LC by oral gavage. Using male Sprague-Dawley rats, the plasma and brain profiles
measured by AAS indicated that LP produces a very steady level of lithium at 48 h after treatment,
whereas the level of lithium was almost undetectable after 48 h of LC treatment [87]. In the present
study, we investigated the plasma and brain pharmacokinetics of lithium upon chronic treatment
with LP, LC, or LS to Tg2576 and 3XTg-AD mice, as well as wild-type B6129F2/J mice. Low or
high doses of LP, LC, or LS, yielding lithium at 1.125 or 2.25 mM/kg/day respectively, showed
steady increases of lithium levels in the plasma and brain between 1 and 2 weeks of treatment in
B6129F2/J mice, with the high dose yielding higher lithium levels (Figures 4-1a and b). No
statistically significant differences were found between treatments in plasma lithium levels at
either dose. By contrast, after 2 weeks of treatment, LP yielded significantly higher brain lithium
levels compared to LC and LS.

In Tg2576 mice, LP and LC treatment revealed steady increases of lithium levels in the
plasma and brain over an 8-week treatment, with significantly higher plasma lithium levels by LC
treatment compared to LP only during the 2-week treatment (Figure 4-1c). However, after 8-week
treatment, LP provided significantly higher brain lithium levels compared to LC (Figure 4-1d). In
3XTg-AD mice, no significant difference was observed in both plasma or brain lithium levels after
28 weeks of LP, LC, or LS treatment (Figure 4-1e). Of note, the brain to plasma lithium ratio of
LP tended to be higher after 28-week compared to LC and LS treatment (Figure 4-1f), while the

difference did not reach significance (LP and LS, p =0.98; LP and LC, p=0.84; LSand LC, p =
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0.85). Lithium levels showed undetectable levels in both plasma and brain from untreated control

mice.

Chronic LP treatment reduces p-amyloid plaques in Tg2576 and 3XTg-AD mice

Lithium treatment has been shown to reduce AP generation in vitro, [91] while
controversial results also exist regarding its ability to reduce AP production in vivo [213][214].
We determined the effect on -amyloid plaques by chronic treatment with LC or LP in Tg2576
mice and with LC, LS, or LP in 3XTg-AD mice. In Tg2576 mice, an 8-week treatment with LP
significantly reduced ApB burden (positive area of B-amyloid plaques) compared to LC-treated as
well as untreated control Tg2576 mice, as determined by IHC using AB17-24 specific 4G8 antibody
(Figures 4-2a and b). Similarly, LP treatment significantly reduced both soluble and insoluble A
levels as determined by ELISA (Figure 4-2c). However, both A burden and AP levels did not
alter after LC treatment. In 3XTg-AD mice, 28-week LP treatment significantly decreased A
burden, as determined by IHC using AB17-24 specific 4G8 and APi.16 specific 6E10 antibodies
(Figures 4-2d and e), but Ap burden was not significantly altered after treatment with LS or LC.
Chronic LP treatment reduces tau phosphorylation through inhibition of GSK3p in Tg2576
and 3XTg-AD mice

In Tg2576 mice, 8-week LP treatment significantly reduced phosphorylation of tau [p-tau
(Thr®Y)] compared to untreated controls, as determined by IHC and WB analyses (Figures 4-3a
and b). In addition, LP treatment significantly increased GSK3p (Ser®) inhibitory phosphorylation,
as determined by WB (Figure 4-3c). However, tau or GSK3p inhibitory phosphorylation was not
altered by treatment with LC. In 3XTg-AD mice, 28-week LP treatment significantly reduced tau

phosphorylation [p-tau (Thr?1)] in CA1 as determined by IHC (Figures 4-3d and f). In addition,

99



LP treatment tended to reduce tau phosphorylation p-tau (Thr?!) in CA3, but this decrease was
not statistically significant for p-tau (Thr?) [(Figures 4-3d and g) (LP and LS, p = 0.771; LP and
LC, p = 0.31; LS and LC, p = 0.233]. LC or LS treatment did not significantly alter tau
phosphorylation in CA1 or CA3 as determined by IHC. In addition, LP treatment significantly
reduced tau phosphorylation [p-tau (Ser*®®)], as determined by IHC (Figure 4-3h) and tau
phosphorylation [p-tau (Ser3%, Ser®®, Thr®! and Thr?h)], as determined by WB (Figures 4-3i and
j). LC and LS also reduced tau phosphorylation at several sites, notably p-tau (Ser®®® and Thr??),
albeit less than LP.
LP treatment reduces microglial inflammation, while enhancing microglial Ap phagocytosis
and autophagy

In as much as microglial CD40/CD40L signaling can enhance AB generation [37] and
impair Ap phagocytosis, [210] we determined the effects of LP on CD40 expression,
CD40/CD40L signaling, and AB phagocytosis in primary microglial cells. Primary microglial
cells were treated with LP (0-20 mM) in the presence of IFNy (100 U/ml) and/or CD40 ligand
(CD40L, 1 pg/ml) for 8 h. LP treatment significantly inhibited IFNy-induced CD40 expression in
a dose-dependent manner (Figure 4-4b), as determined by FACS analysis, as well as IFNy/CD40L-
induced release of pro-inflammatory cytokines (i.e., TNFo and IL-12p70), as determined by
ELISA (Figure 4-4c). To assess the effect of LP on microglial Ap phagocytosis, primary
microglial cells were pre-incubated with 10 mM LP or vehicle (1% dimethyl sulfoxide) for 6 h
followed by 1-h incubation with fluorescent-tagged APi42 (FITC-AP142). LP significantly
increased uptake of APi-42 in primary microglial cells, as evidenced by increased cell-associated
(intracellular) and decreased extracellular fluorescence (Figure 4-4d). Sarkar et al. (2005) first

showed that lithium up-regulates autophagy and clears mutant proteins (huntingtin and o-
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synuclein) by inhibiting inositol monophosphatase [215] Subsequently, several cell culture and
animal studies demonstrated induction of autophagic pathways by lithium [216] To investigate the
effect of LP and LC on autophagy, primary microglial cells were treated with LP or LC (10 mM)
for 18 h, followed by permeabilization and staining with autophagic marker LC3B antibody. Both

LP and LC treatment significantly enhanced autophagy (Figure 4-4a).

Chronic LP treatment inhibits peripheral and neural inflammation in Tg2576 mice

Given that LP could modify B-amyloid plaque pathology in transgenic AD mice, we
wanted to determine whether reduction of AP is associated with an anti-inflammatory effect. In
Tg2576 mice, 8-week LP treatment significantly increased plasma levels of anti-inflammatory
cytokines (i.e., IL-4 and IL-10) compared to untreated controls, as determined by ELISA (Figure
4e). In addition, LP treatment increased IL-10 in splenocytes, while reducing pro-inflammatory
cytokines (i.e., TNFa and IL-12p70), as measured by ELISA (Figure 4-4f). LP treatment did not
alter plasma IL-2 or IFNy, as determined by ELISA (Figure 4-4e). LP treatment also increased
brain levels of anti-inflammatory cytokines (i.e., TGFB1 and IL-10) while attenuating the levels
of sCD40L (Figure 4-4g and h) as analyzed by ELISA. No cytokine measured was altered by LC
treatment. Taken together, these findings indicated that LP dampens pro-inflammatory microglial

activation, while promoting AB phagocytosis and autophagy.

LP treatment decreases GSK3p activity and tau phosphorylation in vitro

Since LP inhibited tau phosphorylation and increased inhibitory GSK3p phosphorylation
in vivo, we further investigated these activities of LP in vitro. HelLa cells overexpressing human
wild-type tau (HeLa/tau cells), human neuroblastoma SH-SY5Y cells, and primary neuronal cells

were treated with LP at increasing concentrations (0, 2.5, 5, and 10 mM) for 12 h, followed by
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analysis of tau and/or GSK3p phosphorylation by WB. LP significantly increased in inhibitory
phosphorylation of GSK3p (Ser®) in HeLa/tau cells (Figure 4-5a). This increase in anti-tau
phosphorylation was associated with a decrease at 10 mM, as indicated by PHF1 (recognizes
phospho-Ser®®®) and phospho-tau (Thr?*') immunoreactivity in HelLa/tau cells (Figure 4-5b).
Similarly, LP (5 and 10 mM) significantly increased inhibitory phosphorylation GSK3p (Ser®) in
human neuroblastoma SH-SY5Y and primary neuronal cells (Figure 4-5c). Taken together, these
findings confirm that LP reduces tau phosphorylation through inactivation of GSK3p.
LP treatment enhances neuronal cell differentiation and chronic treatment prevents cortical
neuronal and synaptic protein loss

To examine the effect of LP on neuronal cell differentiation, cultured murine
neuroblastoma N2a cells were treated with LP and LC at 10 mM for 24 h, followed by analysis of
neuronal markers [i.e., p-tubulin 111 and phospho-synapsin 1 (Ser®?%7)] by ICC and WB analyses.
LP-treated N2a cells were significantly enhanced differentiation, as evidenced by increased
expression of B-tubulin 111 and phospho-synapsin | (Ser®?®7) compared to LC (Figures 4-6a-c). In
addition, LP treatment significantly enhanced differentiation of cultured murine and human
neuronal stem cells (MNSC and HNSC, respectively) compared to LC treatment, as evidenced by
enhanced neuronal markers (i.e., MAP2 and phospho-synapsin I). Moreover, LP-treated MNSC
cells demonstrated increased expression of Tau46, total tau, and MAP2 compared to LC-treated
these cells (Figures 4-6d-g). Taken together, these findings indicate that LP significantly enhanced
neuronal stem cell differentiation.

To examine whether LP treatment can prevent neuronal loss, 5-month old 3XTg-AD mice
were treated with LP, LC, or LS for 28 weeks, followed by IHC analysis using anti-NeuN antibody.

Both LP and LS treatment significantly increased the number of NeuN-labeled positive cells in the
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neocortex region compared to untreated control mice (Figure 4-6h). In addition, LP- and LS-
treated 3XTg-AD mice showed increased expression of pre- and post-synaptic proteins (i.e.,
synaptophysin and PSD95) by WB analysis (Figure 4-6i). Collectively, these findings suggest that
chronic administration of LP or LS to 3XTg-AD mice significantly prevents neuronal loss and

improves expression of pre- and post-synaptic proteins.

Both acute and chronic LP treatment does not increase COX2 expression

Previous in vitro and in vivo studies have indicated that lithium chloride inhibits
constitutive GSK3[ activity in the kidney, thereby inducing COX2 expression; producing
inflammation and toxicity [217][218][219]. To compare the effect of LP and LC on renal GSK3p
activity and COX2 expression, cultured human renal proximal tubule (HRPT) cells were treated
with LP or LC at 0, 10, 20, or 30 mM for 12 h. Interestingly, both LP and LC increased inhibitory
phosphorylation of GSK3p (Ser®), while only LC increased COX2 expression (Figures 4-7a and
b). Therefore, LC-induced COX2 expression is independent of GSK3f activity.

To compare the effects of LP, LS, and LC treatment on renal COX2 expression in vivo, 6-
week old B6129F2/J mice were fed for 2 weeks with diets containing LP, LC, or LS at low or high
doses (1.125 or 2.25 mM Li/kg/day). As shown by WB and IHC analyses, neither LP, LC, nor LS
treatment alter COX2 expression at low dose, although LC-treated B6129F2/J mice showed a
tendency to increase. In contrast, only LC significantly increased COX2 expression at the high
dose (Figures 4-7c and d). Further, to test whether chronic administration of lithium induces
COX2 expression in the context of the pathological condition, transgenic Tg2576 AD mice were
treated with LP and LC at 2.25 mM Li/kg/day (high dose) for 8 weeks. As expected, both IHC

and WB analyses indicated that only LC treatment shows significant increase of COX2 expression
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(Figures 4-7e-g). No statistically significant difference was found between LP-treated Tg2576 AD

mice and untreated controls.

Discussion

Despite a narrow therapeutic window (0.6-1.5 mM) and the potential for serious adverse
events, lithium has been used as the first line therapy to reduce manic episodes and suicidality in
patients with bipolar disorder due to lack of better alternatives [220]. We have previously shown
that FDA-approved lithium carbonate produces very sharp peak plasma and brain lithium
concentrations after oral dosing, followed by a rapid decline in rats. In contrast, LISPRO showed
steady plasma and brain lithium levels out to 48 h without any sharp peak [87]. Based on these
findings, we hypothesize that LISPRO may prevent the drastic change of lithium levels in the
plasma seen with current lithium drugs, and maintain stable therapeutic doses and, thus, would
represent a significant improvement over current lithium medicines for a desired time by slow-
release into the peripheral blood. Similar to above findings, our recent data (8-weeks treatment in
Tg2576 mice) showed significantly stable plasma lithium levels over the period of time (Figure 4-
1c) as well as higher brain lithium levels compared to Li.CO3 (Figure 4-1d). More importantly,
B6129F2/J mice treated with LISPRO showed significantly higher brain lithium levels at low
(1.125 mM/kg/day) and high (2.25 mM/kg/day) concentrations compared to LioCOs (Figures 4-
la-b). Moreover, our recent study also showed comparable levels of lithium in 3XTg-AD mouse
plasma and brain as result of lithium salicylate, Li.COs, or LISPRO (28-week treatment).
Furthermore, the brain to plasma lithium ratio in the LP-treated group was slightly higher (LP and
LS,p=0.98; LPand LC, p=0.84; LSand LC, p=0.85) versus LS- and LC-treated groups (Figures
4-1e-f). Lithium has been employed in treatment of several neurodegenerative diseases including

AD. It has been reported that lithium prevents the generation of A peptides by inhibiting GSK3a
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activity, which interferes with APP y-secretase cleavage [91][221][222]. In terms of LP, we
expected that addition of salicylate, which is the primary metabolite derivative of acetyl-salicylic
acid (aspirin), could work together synergistically to improve the safety and modify the
pharmacological action of lithium for attenuating AD pathology. Study data suggest that aspirin
exerts its effects on the inflammatory cascades, irreversibly inhibiting COX1, and modifying
enzyme activity of COX2, suppressing production of prostaglandins and thromboxane. Although
lithium has anti-inflammatory properties, several studies indicate that chronic lithium might induce
COX2 expression through inhibition of GSK3p activity. Our data also showed that both lithium
carbonate and LISPRO inactivate GSK3p, but only lithium carbonate activates COX2 whereas
LISPRO suppresses COX2 due to the anti-inflammatory properties of salicylate anion. A recent
epidemiological study showed that low-dose aspirin with lithium exert synergistic effects by
increasing 17-hydroxy-decosahexanoic acid (17-OH-DHA), an anti-inflammatory brain DHA
metabolite which significantly reduced the risk of disease deterioration in bipolar patients
compared to other non-steroidal anti-inflammatory drugs and glucocorticoids, a COX2 inhibitor
[223]. Together, salicylic acid increased brain 17-OH-DHA, [224], and lithium reduced
neuroinflammation, [225][99] while zwitterionic I-proline significantly reduced the hygroscopic
property of parent salicylate salt by influencing the solid phase formation. Assuming the above
hypothesis is true, we wanted to investigate the bioactivities of LISPRO in terms of ameliorating
AD pathology in cell culture systems and in transgenic (Tg2576 and 3XTg-AD) mouse models.
We showed that 8-week LISPRO-treated Tg2576 AD mice had significantly reduced soluble and
insoluble AP levels as well as AP burden compared to LioCOs- and control-treated Tg2576 AD
mice (Figures 4-2a-c). To examine LISPRO’s effect on AP generation in 5-month old 3XTg-AD

mice, we treated them with LISPRO, lithium salicylate, LioCOs, and control-diet for 28 weeks with
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equal dosages of lithium (2.25 mM/kg/day). We showed that LISPRO treatment significantly
reduced extracellular AP plaques, as evidenced by IHC staining using 4G8 and 6E10 antibodies
(Figures 4-2d and e). Taken together, these findings demonstrated that LISPRO suppresses
generation of both soluble and insoluble Agin Tg2576 and 3XTg-AD mouse models.

Moreover, several lines of evidence demonstrated that lithium is a direct inhibitor of
GSK3p and also increases the inhibitory serine-phosphorylation of the enzyme [89][226]. Thus,
we wanted to examine whether LISPRO could reduce tau phosphorylation in cell culture and AD
mouse models. Using human HeLa/tau, human neuroblastoma SHSY-5Y, and primary neuronal
cell lines, we found that LISPRO treatment inhibits phosphorylation of tau at 5-10 mM
concentrations, which is associated with increasing inhibitory phosphorylation of GSK3p (Ser®)
(Figures 4-5a-c). Taken together, these findings indicated that LISPRO inactivates GSK3[3
activity, and thereby reduces tau phosphorylation. Since lithium is a suitable inhibitor for
inhibiting GSK3p in vivo, we also examined whether LISPRO-mediated suppression of GSK3[3
activity is associated with attenuation of tau phosphorylation in Tg2576 mice. In this model, we
showed that an 8-week LISPRO treatment significantly reduces p-tau (Thr?!) phosphorylation
compared to LioCOsand control (Figures 4-3a and b). These findings were also correlated with
increased p-GSK3p (Ser®) inhibitory phosphorylation, indicating inactivation of GSK3p activity
(Figure 4-3c). To confirm these data obtained in the Tg2576 AD mouse model, we next
investigated whether chronic administration of LISPRO could also reduce tau phosphorylation in
3XTg-AD mice. Thus, we treated 5-month old 3XTg-AD mice with LISPRO, lithium salicylate,
Li,COs, or control-diet for 28 weeks with equal doses of lithium (2.25 mM/kg/day). IHC staining
using p-tau (Thr?%) and p-tau (Ser®®®) antibodies as well WB analyses using multiple p-tau [Ser3%,

Ser®® Thri8! and Thr?!] amino acid residues demonstrated that LISPRO, and in many cases
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lithium salicylate, significantly attenuates tau phosphorylation compared to LioCOz and control
(Figures 4-3d-j).

Inflammatory processes are thought to play an active role in AD formation and progression.
Preclinical as well as postmortem analyses of AD patient brains have provided tons of evidence
indicating the dysregulation and/or uncontrolled activation of microglial and astrocytic cells,
activation of complement cascade, inflammatory enzymes such as COX2, inducible nitrate oxide
synthase, reactive oxygen species, and calcium dysregulation pathways in brain, CSF, and blood
[227][228][229]. Although it is inconclusive whether these changes are initiating or secondary
consequences, proinflammatory such as IL-1p, IL-6, TNFa, NO and anti-inflammatory cytokines
such as IL-4, IL-10, TGFp elevated in the CSF and blood of AD patients [228][230][231]. Multiple
lines of evidence showed that lithium down-modulates the pro-inflammatory cytokine responses
in animal models and is of therapeutic benefits in several neurodegenerative diseases [232][233].
Specifically, Nassar and Azab conclude that lithium has anti-inflammatory properties that may
contribute to its therapeutic activity by down-regulation of COX2, inhibition of IL-1p, TNFa, and
up-regulation of I1L-2 and IL-10 [234]. On the other hand, in contrast to above findings, large
bodies of evidence indicated that lithium also induces pro-inflammatory cytokines production such
as IL-4 and IL-6 in certain disease conditions [235][236]. Based on these reports, we sought to
examine if the efficacy of LISPRO for reducing AD-like pathology in transgenic Tg2576 mice is
associated with modulation of pro- and anti-inflammatory cytokine responses. We showed that
LISPRO treatment significantly increases the expression of anti-inflammatory cytokines such as
IL-4, IL-10, and TGF-B1, while it decreases the expression of pro-inflammatory cytokines such as
INFy, 1L-12p70, and sCD40L in Tg2576 mouse brains compared to control- and LC-treated

Tg2576 mouse brains (Figures 4-4e-h). Taken together, these findings suggest that LISPRO might

107



reduce AP pathology at least in part via up-regulated anti-inflammatory and down-regulated pro-
inflammatory cytokine responses in Tg2576 mice.

We demonstrated that CD40-CD40L interaction is critical for brain pro-inflammatory
responses in aggravating AD-like pathology [237]. As LISPRO treatment reduced A production
in cell culture and transgenic (Tg2576 and 3XTg-AD) mouse models, we next hypothesized that
reduction of AP pathology might correlate with decreased microglial CD40 expression and/or
increased phagocytosis by microglia. In this regard, we found that decreased expression of
microglial CD40 and brain soluble CD40L expression by LISPRO treatment might help attenuate
AP associated pathology, suggesting that disruption of CD40-CD40L signaling could also be
involved in attenuation of AP pathology in Tg2576 and 3XTg-AD mouse models. As expected,
LISPRO suppresses IFNy-induced CD40 expression (Figures 4b and c) and enhances microglial
phagocytosis of AP (Figure 4-4d) in cultured primary microglial cells. Moreover, multiple lines
of evidence demonstrated that lithium enhances autophagy at low doses (10 mM) [215][216]. In
this regard, we found that LISPRO treatment enhances autophagy markers LC3B in cultured
primary microglial cells (Figure 4-4a). Collectively, our data suggest that LISPRO-mediated
attenuation of AP pathology is associated with several therapeutic endpoints including up-
regulated anti-inflammatory and down-regulated pro-inflammatory cytokines, suppression of
CDA40 that disrupts CD40-CD40L signaling, increased microglial phagocytosis of AP, and up-
regulated autophagy.

Furthermore, to investigate whether LISPRO treatment could modulate neuronal cell
differentiation, cultured mouse neuroblastoma N2a, as well as murine and human stem cells was
treated with LISPRO, Li,COs, and control. Our data from IHC staining and supportive WB

analyses using B-tubulin 111, phospho-synapsin | (Ser®2"), MAP2, and total tau antibodies
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demonstrated that LISPRO treatment significantly promotes neuronal cell differentiation
compared to LioCOz3 (Figures 4-6a-g). Cheng and Chuang reported that lithium increases the
expression of p® and Bcl-2 providing neuronal survival [238]. In addition, it has been shown that
administration of lithium as well as mood-stabilizing agent valproate, increases Bcl-2 levels in the
cortical region [239]. Based on these findings, we also wanted to examine whether LISPRO could
prevent cortical neuronal loss in 5-month-old 3XTg-AD mice were treated with LISPRO, lithium
salicylate, Li.COs, or control diet for 28 weeks. Quantitative analysis of neuronal cell numbers
using the neuronal marker anti-NeuN antibody, displayed that LISPRO and lithium salicylate
treatments respectively yield an increased survival neurons in the neocortex region of 3XTg-AD
mice (Fig. 4-6h). We further examined whether LISPRO treatment could modulate the expression
of synaptic proteins in 3XTg-AD mice brain, and found that LISPRO and lithium-salicylate
significantly increase the protein expression of synaptophysin (Pre-synaptic) and PSD95 (Post-
synaptic) in these transgenic mice (Figure 4-6i).

Finally, one of the major side effects of lithium includes renal toxicity secondary to
increased expression of COX2 and ensuing inflammation. It has been shown that acute and chronic
administration of lithium could enhance COX2 expression by suppressing GSK3f activity in renal
cell lines and mouse models [217][218]. We observed the effect of LISPRO on COX2 expression
in renal cells from the Tg2576 AD as well as wild-type B6129F2/J mouse models. We treated
human renal proximal tubule cells (HRPT) with LISPRO and Li>COs. IHC staining and supportive
WB data indicated that LISPRO treatment does not enhance COX2 expression in HRPT renal cells
(Figures 4-7a and b). To further test the effect of LISPRO treatment on COX2 expression in vivo,
we orally fed B6129F2/J and Tg2576 mouse lines with LISPRO, lithium salicylate, and LioCO3

for 2, and 8 weeks, respectively with low (1.125 mM/kg/day) and high doses (2.25 mM/kg/day).
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Our IHC and supportive WB findings indicated that LISPRO treatment does not increase COX2
expression (Figures 4-7c-g).

In sum, our data supports our hypothesis that LISPRO is a better alternative formulation of
lithium in terms of safety and efficacy in ameliorating AD pathology in cell culture and two
different transgenic mouse models. Nevertheless, further translational research is warranted to
fully validate LISPRO as a safe and effective disease modifying therapy for AD and other

neurodegenerative diseases.
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Figure 4-1 Plasma and brain lithium pharmacokinetics following chronic oral treatment

with LISPRO (LP), lithium salicylate (LS), and Li2COs (LC) in B6129SF2/J, Tg2576 and
3XTg-AD mice

(a & b) B6129SF2/J mice (n = 2- 4 mice/group, male) at 2 months of age were treated for 1 or 2
weeks (wks) with 3 diets containing LP, LC, or LS, yielding lithium at 1.125 or 2.25 mM/kg/day.
(c & d) Tg2576 mice (n = 8, 4 female/4 male) at 6 months of age were treated for 8 weeks with 2
diets containing LP or LC, yielding lithium at 2.25 mM/kg/day. (e & f) Further, 3XTg-AD female
mice (n = 4 - 8 mice/group) at 5 months of age were treated for 28 weeks with 3 diets containing
LP, LS or LC, yielding lithium at 2.25 mM/kg/day, or normal mouse chow (Teklad 2018). Blood
and brain lithium levels were measured using atomic absorption spectroscopy (AAS). Brain over
plasma lithium ratio calculated for each individual 3XTg-AD mouse (f). All mice received normal
drinking water and chow ad libitum. Statistical analysis was carried out using ANOVA with post
analysis with Fisher’s LSD test (*p < 0.05; **p < 0.01). There was no significant difference in
plasma or brain lithium levels between LC- and LS-treated B6129SF2/J mice (p > 0.05). There
was no detectable lithium in plasma and brain homogenates in control Teklad 2018 diet-fed
B6129SF2/J, Tg2576, and 3XTg-AD mice (Ctrl, data not shown).
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Figure 4-2 Oral LP treatment reduces p-amyloid pathology in Tg2576 and 3XTg-AD mice

Tg2576 mice at 8 months of age (n = 9; 5 male/4 female) and 3XTg-AD female mice at 5 months
of age (n = 4 - 8 mice/group) were treated for 8 or 28 weeks, respectively, with diets containing
LP, LS or LC, yielding lithium at 2.25 mM/kg/day, or normal mouse chow as indicated. These
dosages were chosen to give brain lithium concentrations of 0.25 - 0.50 mM, which fall in a range
of clinical therapy for AD. £ All mice received chow and normal drinking water ad libitum.
Mouse brain tissue sections and homogenates were prepared from each mouse after treatment. (a
and d) Half-brain coronal sections were analyzed by anti-Ap antibody (4G8) staining. (b and e)
Percentage of 4G8 positive plaques (mean £ SEM) was quantified by image analysis as described
previously. (c) Total soluble and insoluble AP1-40, 42 peptides from homogenates were analyzed
by ELISA and represented as picograms of AP peptides per mg of total protein. LP but not LC
treatment markedly reduced total soluble and insoluble AP1-4042 levels. A t-test for two samples
and one-way ANOVA-test for multiple independent samples revealed significant differences
between LP and LC ( b and c¢) and among LP, LS and LC compared with control diet (Ctrl) (e, *p
< 0.05, **p < 0.01). There was no notable or significant difference in both 4G8 positive AP
plaques and cerebral soluble/insoluble A1-40.42 levels in brain sections and homogenates between
LC-treated and control Teklad 2018 diet-fed Tg2576 mice (Ctrl, p > 0.05).
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Figure 4-3 Oral LP treatment reduces tau hyper-phosphorylation in Tg2576 and 3XTg-AD
mice

Representative micrographs showing IHC staining of brain sections from Tg2576 and 3XTg-AD
mice orally treated for 8 and 28 weeks, respectively, with diets containing LP, LS or LC, yielding
lithium at 2.25 mM/kg/day, or control Teklad 2018 diet, as detailed in Figure 4-1 above. Shown
are IHC staining and quantification of p-tau (Thr?%, a, d) and p-tau (Ser®®, e) immunoreactivity
in CA3 of Tg2576 (a) and CA1/CA3 of 3XTg-AD mice brain sections (d and e). Percentage of p-
tau (Thr®Y) or p-tau (Ser®®) positive areas (mean + SEM) was quantified by image analysis in
CA1/CA3 of 3XTg-AD mice (f - h). ANOVA with post hoc analyses using Fisher’s LSD test for
multiple samples reveals significant differences in phosphorylated tau between LP treated and
control mince (*p < 0.05, **p < 0.01). The mouse brain homogenates were subjected to western
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blot (WB) analysis with antibodies against p-tau (Thr®%), p-tau (Ser®®), p-tau (Ser*®), p-tau
(Thr'8Y), total tau, GAPDH (b and i), pGSK3p (Ser®) or total-GSK3p (). As shown below WB,
densitometry analysis shows the band density ratios of p-tau to total tau (b, bottom panel) or
GAPDH (j) and pGSK3p to total GSK3 (c, bottom panel). Statistical t-test analyses of WB data
revealed a significant decrease in the ratios of p-tau (Thr?®!) to total tau (b) and increase in pGSK3p
(Ser®) to total GSK3p (c) in LP compared with LC-treated Tg2576 mice (**p < 0.01). One-way
ANOVA and post hoc analyses revealed significant differences in the ratio of p-tau to GAPDH (j)
compared to control treatment (Ctrl, *p < 0.05, **p < 0.01). Similar results from both
immunochemistry staining and WB analyses were also obtained with PHF-1 antibody (data not
shown) in the LISPRO-treated Tg2576 mice. There was no notable and significant difference in
both p-tau (Thr?%) and inactivated p-GSK3p (Ser®) levels in brain homogenates between LC- and
control Teklad 2018 diet-fed Tg2576 mice (p > 0.05).
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Figure 4-4 LP inhibits peripheral and neuroinflammation, while promoting microglial
autophagy and AB phagocytosis

(@) For determination of microglial autophagy, mouse primary microglial cells were pretreated
with LP, LC, LiCl, or L-proline at 10 mM or PBS (Ctrl) for 18 h, followed by permeabilization,
staining with LC3B rabbit polyclonal antibody, and visualization with Alexa Fluor® 647 goat anti-
rabbit IgG (LC3B antibody kit, Molecular Probes®). The fluorescence intensity of the
autophagosomes (Autosome) and the cytosol were quantified using Slidebook™ digital
microscopy software (mean £ SD). Both LP and LC treatments significantly enhanced microglial
autophagy (**p < 0.01). Note that there was no significance difference in the fluorescence
intensity of the autophagosomes and the cytosol between LC, LP, and LiCl (p > 0.05). L-proline
failed to promote any notable autophagy. In addition, mouse primary microglial cells were treated
with LP (0-20 mM) in the presence of IFNy (100 U/ml) or/and CD40 ligand (CD40L, 1 ug/ml) for
8 h and then examined for pro-inflammatory microglial activation as assessed by flow cytometric
(FACS) analysis and ELISA. (b) FACS analysis showed LP induced significant dose dependent
decreases in IFNy-induced CD40 expression. Data are represented as mean percentage of CD40
expressing (CD40 Exp) cells (+ SEM) from two independent experiments. (c) Microglial cell
culture supernatants were collected and subjected to cytokine ELISA as indicated. Data are
represented as mean pg of TNFa or IL-12p70 per mg of total cellular protein (x SEM) from three
independent experiments.

For determination of microglial A phagocytosis, primary microglial cell were pre-treated
with LP at 10 mM or vehicle (1% DMSO in medium) for 6 h and then incubated with 1 pM FITC-
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AP142 for 1 h (d). Cellular supernatants and lysates were analyzed for extracellular (Extra, top
panel) and cell-associated (Cell-Asso, bottom panel) FITC-Ap1-42 using a fluorometer. Data are
represented as the relative fold of mean fluorescence change (mean £ SEM), calculated as the
mean fluorescence for each sample at 37°C divided by mean fluorescence at 4°C (n = 4 for each
condition presented) (**p < 0.01). LDH assay showed no significant increase in cell toxicity
induced by LISPRO up to 20 mM in primary microglial cells (data not shown).

For determination of peripheral and neuroinflammation, blood plasma (e), splenocyte
cultured media (f) and brain homogenates (g and h) from LP- and LC-treated and untreated Tg2576
mice (Ctrl) were subjected to cytokine and sCD40L ELISA. Data are presented as mean + SEM
values of cytokines (pg/ml plasma or medium) (e and f) or fold increase of brain tissue-derived
cytokines or sCD40L for LC or LP-treated over untreated mice (g and h, n =9 for LP- and LC-
treated mice; n = 6 mice for untreated mice, *p < 0.05; **p < 0.01). There was no notable or
significant difference in cytokine levels in plasma and splenocyte cultured media between LC-
treated and control untreated mice (p > 0.05).
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Figure 4-5 LP decreases tau phosphorylation while increasing inhibitory GSK3p (Ser®)
phosphorylation in cultured cells

Human tau stably transfected HelLa cells (HeLa/tau cells) (a and b), human neuroblastoma (SH-
SY5Y) cells (c, left panel), and primary neuronal cells (c, right panel) were treated with LP at the
indicated concentrations (0-10 mM) for 12 h, followed by analysis of cell lysates by WB.
Inhibitory phosphorylation status of GSK3p was detected by anti-phospho-GSK3 (Ser®) and total
GSK3p antibodies (a). Phosphorylation status of tau was detected by anti-phospho-tau [p-tau
(Thrh)] and PHF1 antibodies as used previously (b). Total tau (phosphorylated and non-
phosphorylated) was detected by tau-46 (b). WB results are representative of two independent
experiments for pGSK3p (Ser®) and total GSK3p, and three experiments respectively for PHF1, p-
tau (Thr?!) and total tau with triplicates for each treatment condition. Densitometry analysis
below each WB figure panel shows the band density ratio of pGSK3p (Ser®) to total GSK3p as
well as p-tau (Thr?3) to total tau. A t-test revealed a significant increase in the ratio of pGSK3p
(Ser®) to total GSK3p and decrease in p-tau to total tau for HeLa/tau cells treated with 10 mM
LISPRO compared to control (0 mM) (*p < 0.05; **p < 0.01). In addition, a significant increase
in the ratio of pGSK3pB (Ser®) to total GSK3p was observed for both SH-SY5Y cells and
differentiated neuronal cells treated with either 5 or 10 mM LISPRO compared to control (0 mM)
(*p <0.05) (¢). The secreted AP1-4042 peptides were undetectable by Ap ELISA of the conditioned
media from HeLa/tau cells with or without LISPRO treatment (data not shown).
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Figure 4-6 LISPRO markedly promotes neuronal cell differentiation and prevent neuronal
and synaptic protein loss in 3XTg-AD mice

Murine neuroblastoma (N2a cells, a), murine neuronal stem cells (MNSC, d) and human neural
stem cells (HNSC, H9-Derived, f) were treated with LP, LC, LiCl, or L-proline (10 mM) for 24 h,
4 days, or 14 days respectively. These cells were then permeabilized with 0.05% Triton X-100 for
5 min, washed, and stained with mouse anti-p-tubulin 111 monoclonal antibody, rabbit anti-
phospho-synapsin 1 (Ser®? and Ser®”) polyclonal antibody, mouse anti-MAP2 monoclonal
antibody, mouse anti-total tau (tau46) antibody or rabbit anti-GFAP polyclonal antibody overnight
at 4 °C. Alexa Fluor® 488 goat anti-mouse IgG (green) was used to detect B-tubulin 111, MAP2
and total tau and Alexa Fluor® 594 donkey anti-rabbit IgG (red) were used to detect phospho-
synapsin | and GFAP, respectively (a and d). DAPI staining was used to detect nuclear DNA.
Confocal images were taken by Olympus Fluoview™ FV1000 laser scanning confocal
microscope. In parallel, N2a cells (b), MNSC (e) and HNSC (g) were treated with LP, LC, LICl,
or L-proline at 10 mM, lysed with cell lysis buffer, and then subjected to WB analysis of B-tubulin
[11, phospho-synapsin I, MAP2, total tau and GFAP. As indicated below each WB panel, the band
density ratios of B-tubulin 111 and phospho-synapsin | (p-synapsin I) to B-actin (c), MAP2, total
tau and phospho-synapsin I to -actin () and MAP2 and GFAP to B-actin (g) are presented as
mean = SEM These data are representative of three independent experiments with similar results
(*p <0.05; **p <0.01). There was no notable or significant difference in f-tubulin I11, phospho-
synapsin I, MAP2, total tau and GFAP immunofluorescence and WB analysis between LC, LiCl,
or L-proline treatment (p > 0.05) for all three differentiated N2a cells, MNSC and HNSC
respectively.
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The brain tissue sections and homogenates prepared from LP-, LS-, or LC-treated, or
untreated control 3XTg-AD mice, were subjected to IHC staining and WB analyses of neuronal
and pre- and post-synaptic proteins, using NeuN, synaptophysin and PSD95 antibodies,
respectively. No statistically significant but increased changes in total number of immunoreactive
(NeuN) positive cells were observed in LP- and LS-treated compared with untreated control mice
(h). (i) However, synaptophysin (Synapto) and PSD95 protein levels were significantly elevated
in LP- and LS-treated mice compared with LC-treated and untreated control mice. As indicated
below IHC and WB panels, percentage of NeuN immunoreactive positive cells, synaptophysin,
and PSD95 to GAPDH band density ratios were determined by image analysis (mean £ SEM).
Data were analyzed by a one-way ANOVA and post testing with Fisher’s LSD test (*p < 0.05;
**p < 0.01).
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Figure 4-7 LISPRO does not increase COX2 expression in vitro and in vivo

Human primary renal proximal tubule cells (ATCC® PCS-400-010™) were cultured in
InVitroGRO medium (BioreclamationlVVT) and treated with LP, LC, LiCl, or L-proline at 0 to 30
mM for 12 h. These cells were then lysed with cell lysis buffer and analyzed by WB for COX2,
total GSK3p and phospho GSK3p (Ser® and Thr®®°) expression using anti-COX2 antibody (a) and
anti-phospho- and total GSK3p antibodies (b). Note that there were no notable differences in
COX2 expression or GSK3p phosphorylation between LC and LiCl treatments. L-proline
treatment induced no change in COX2 expression and GSK3p phosphorylation.

B6129F2/J male mice (weighing 20-25 g, 2-month old) were treated with 3 diets containing
LP, LC, or LS, or control Teklad 2018 diet, for 1 or 2 weeks, yielding lithium at 1.125 or 2.25
mM/kg/day. All mice received normal drinking water and chow ad libitum. (c) Kidneys were
collected after treatment and analyzed by IHC for COX2 expression in the renal medulla. (d) In
addition, the kidney microsomal proteins were extracted to assess COX2 expression by WB
analysis. COX2 to B-actin band density ratio of WB were determined by ImageJ analysis (mean
+ SEM) in duplicates from six mice in each group. Statistical analysis was carried out using
ANOVA (*p <0.05, n =6 for LP, LC and LS; n = 3 for control diet). Furthermore, Tg2576 mice
were treated with 2 diets containing LP or LP, yielding lithium at 2.25 mM/kg/day for 8 weeks.
(e) Kidneys were collected after treatment and analyzed by IHC for COX2 expression in the renal
medulla. (f) The kidney microsomal proteins were extracted to assess COX2 expression by WB.
(9) Quantification of COX2 to - actin band density ratio of WB among ctrl, LP and LC treatments
were determined by ImageJ analysis. Statistical analysis was carried out using ANOVA followed
post hoc by Fishers LSD (*p < 0.05, **p < 0.01, n = 9 per treatment).
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CHAPTER 5

lonic co-crystal of lithium salicylate proline (LISPRO), a novel formulation of
lithium, prevents cognitive and neuropsychiatric behavioral deficits in the

APPswe/PS1dE9 transgenic mouse model of Alzheimer’s disease

Chapter synopsis

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive
decline of cognition and associated neuropsychiatric symptoms including weight loss, anxiety,
agitation, depression, irritation, and aggressiveness. To date, no pharmacological or non-
pharmacological intervention has yet been shown to delay or stop progression of the disease.
Lithium carbonate (Li-CO3), a drug widely used for treating bipolar disorder, has been shown to
effect neuroprotection in a number of models of neurodegenerative disease, but may induce
inflammation and toxicity in its current formulation. Recently we have shown that a novel ionic
co-crystal of lithium salicylate I-proline (LISPRO) is an improved alternative formulation of
lithium as compared to lithium carbonate or lithium salicylate in terms of safety and efficacy in
ameliorating AD pathology in cell culture and transgenic mouse models. The present study was
designed to evaluate and compare the efficacy of LISPRO (LP) with lithium carbonate (LC) and
lithium salicylate (LS) for ameliorating cognitive impairments and associated neuropsychiatric

signs, including depression, anxiety, irritability, and impaired locomotor function, in
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APPswe/PS1dE9 mice, a commonly used transgenic model of AD. Female APPswe/PS1dE9 mice
at 4 months of age were orally treated with LP, LS, or LC for 9 months at 2.25 mmol lithium/kg/day
followed by determination of body weight, growth of internal organs, and cognitive and non-
cognitive behavior. Untreated age-matched non-transgenic littermates (B6C3F1/J) served as wild-
type (WT) controls. No significant differences in body weight, brain, heart, lung, spleen, liver or
kidney were found between lithium treated- and untreated APPswe/PS1dE9 cohorts. LP treatment
improved cognitive function, as shown by lower escape latency during training and probe trial of
the Morris water maze (MWM) test and longer contextual freezing time during the fear
conditioning test. LP treatment also reduced depression, as assessed by tail suspension test, and
irritability, as assessed by touch escape test. Moreover, LP treatment afforded superior protection
against cognitive impairment as determined by contextual fear conditioning test and irritability in
comparison with LC or LS treatment. However, lithium treatment did not alter anxiety or
locomotor activity as assessed by open field, elevated plus maze or accelerated rotarod test. We
suggest that chronic LISPRO treatment prevent cognitive deficits, depression and irritability in
female APPswe/PS1dE9 mice, and is superior in improving associative learning and memory and
irritability compared with lithium salicylate or carbonate treatments, supporting the potential of

this lithium formulation for the treatment of AD.

Background

Alzheimer’s disease (AD) is characterized pathologically by the accumulation of neuritic
plaques [1] and neurofibrillary tangles [2] in the brain and clinically by a progressive decline in
cognitive function. As total neuronal volumes positively correlated with memory and cognitive
function [240], the degeneration of neural synapses especially in the hippocampus and cortical

regions is also positively correlated with cognitive decline in patients with AD [241][242]. Itis
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widely believed that abnormal accumulation of plaques and tangles consisting of amyloid-f (AB)
[194] and hyperphosphorylated tau [195] proteins, respectively, promotes neurodegeneration
[243] which may be involved in the development of cognitive and neuropsychiatric problems
[244]. More recently, soluble oligomeric forms of AP and tau have been shown as the most toxic
form of AP and tau aggregate to produce cognitive deficits in the absence of AP plaques or
insoluble intraneuronal tangles [245][246][247]. In addition, other emotional problems, such as
depression, anxiety, apathy, irritation, agitation and aggression, gradually develop in patients with
AD [248]. No single drug has been shown to be effective in improving both cognitive and non-
cognitive problems.

Lithium salts were initially used in the treatment of gout (including “brain gout™) as early
as 1859 and then recognized for its beneficial effects on mood by the late 1800’s [198]. Despite
having a narrow therapeutic window that requires routine blood monitoring to avoid lithium
toxicity and associated side effects, lithium salts are still considered even today as the gold standard
by many clinicians for preventing the reoccurrence of mania and suicidality in bipolar patients
[249][250]. Based in part on evidence that lithium therapy may prevent cognitive decline in
bipolar disorder, a growing body of studies using diverse preclinical and clinical models have
provided evidence for potential disease modifying properties of lithium in treating
neurodegenerative diseases, including AD [251]. Overall, the available evidence suggest that the
neuroprotective effects of lithium found in diverse preclinical models of neurodegeneration
translate into therapeutic benefits in cognitive function and reduced biomarkers in clinical trials of
mild cognitively impaired amnestic and AD patients at lower lithium doses than those typically
used for mood stabilization [252]. Other studies also suggest that long-term lithium treatment

inhibits or slows down the core pathophysiologic features of AD in preclinical as well in human
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study [253][254]. Notably, in a recent review of 28 psychiatric medications, including
antipsychotics, anticonvulsants and antidepressants, lithium had the most replicated evidence for
neuroprotection in the widest range of neurodegenerative disease models [255]. Despite these
potential benefits of lithium pharmaceutics, safety issues remain. Indeed, current Food and Drug
Administration (FDA)-approved lithium pharmaceutics have a narrow therapeutic window,
producing a sharp peak in the serum blood levels which can cause adverse side effects. In addition,
due to competition for sodium reuptake, high levels of lithium can accumulate in the kidney under
certain conditions resulting in renal inflammation and toxicity [256].

To improve lithium’s therapeutic profile, we have recently investigated the safety,
pharmacokinetics, and therapeutic efficacy of LISPRO, a novel ionic co-crystal of lithium
salicylate and I-proline [87], in comparison with lithium carbonate and lithium salicylate in
preclinical models of AD [150]. We found that 8- as well as 28-week oral treatment with LISPRO
produced superior reduction of hippocampal brain pathology, including AB plaque deposition, tau
hyperphosphorylation, neuroinflammation, and neurodegeneration, in transgenic Alzheimer’s-like
mice models. Similarly, in cell culture studies, LISPRO reduced tau hyperphosphorylation,
microglial inflammation and glycogen synthase kinase 3-beta activity and was superior to lithium
carbonate in enhancing neuronal stem cell differentiation. In addition, pharmacokinetic studies
indicated that LISPRO treatment provided significantly higher brain lithium levels and more
steady plasma lithium levels in both normal and transgenic Alzheimer’s-like mice when compared
to lithium carbonate. Moreover, a 2-week oral treatment of lithium carbonate in normal mice
increased proinflammatory cyclooxygenase-2 expression in the kidneys, while the molar
equivalent of lithium administered as LISPRO did not [150]. The purpose of this follow-up study

was to compare the effects of chronic oral treatment of LISPRO with lithium carbonate and lithium

124



salicylate on behavioral impairment and various AD-associated neuropsychiatric symptoms,
including depression, irritation, anxiety and impaired locomotion, as well as physical growth and
development of internal organs in APPswe/PS1dE9 double transgenic mice, the most widely used
preclinical animal model in evaluating drug safety and efficacy for AD. For consistency, we

employed the same chronic dosing regimen of LISPRO that was used in our prior study [150].

Materials and methods
Animals and treatment

Twelve-week-old (3 months of age) female transgenic (Tg) APPswe/PS1dE9 mice [B6C3-
Tg (APPswe/PS1dE9)85Dbo/Mmijax; Stock #034829; n = 28) and wild-type (WT) non-transgenic
control littermates (Non-Tg Ctrl, B6C3F1/J; n = 10) were obtained from Jackson Laboratory (Bar
Harbor, ME) and housed 3-4 mouse per cage before starting treatment. APPswe/PS1dE9 mice
express human amyloid precursor protein (APP) with the K670N/M671L (Swedish) mutation and
human presenilin 1 (PS1) with the deltaE9 mutation, both under control of the prion promoter.
The Swedish mutation results in an increase in BACEL cleavage of APP and the deltaE9 mutation
increases y-secretase activity. These mice show plaque deposits at 6 months of age, and increasing
cognitive impairment at 12 months of age [257][258]. APPswe/PS1dE9 mice were randomly
assigned into four treatment groups, and starting at 4 months of age received normal chow (Tg-
Ctrl, Lithium, 0%, n = 8) or chow that contained lithium carbonate (LC, 0.05%, equivalent to 83
mg/kg/day, n = 6), lithium salicylate (LS, 0.20%, equivalent to 325 mg/kg/day, n = 6) or lithium
salicylate proline co-crystal (LP, 0.35%, equivalent to 583 mg/kg/day, n = 8) for 9-months. This
gave a dose of lithium at 2.25 mmol lithium/kg/day for each formulation. This dosage was chosen
to give brain lithium concentrations of 0.25-0.5 mmol/L, which fall in the range of clinical therapy

for AD [150] [200]. Non-transgenic wild type (WT) littermates cohort (Non-Tg Ctrl, n = 10) were
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fed normal chow diet as a control. At the end of 8-months treatment (12 months of age)
comprehensive cognitive and non-cognitive evaluations (Figure 5-1) were conducted by
individuals blind to genotype and treatment group [160]. All animal experiments were performed
in accordance with the guidelines of the National Institutes of Health and were approved by USF

Institutional Animal Care and Use Committee (IACUC reference number: 1S000002240).

Behavioral assays
Morris water maze

The Morris Water Maze (MWM) is used to investigate hippocampal spatial memory
impairments in rodents. The apparatus consists of a circular tank (150 x 85 cm) filled with water
(25 + 2 °C). The circular tank was divided into four invisible quadrants (North, South, East, West)
using ANY-Maze™ video recording software. To increase the tracking sensitivity, white paint
solution was mixed in the water to provide contrast to the dark color of the mouse and facilitate
tracking of mouse movement. In the study reported here, a hidden platform was placed 1 cm
beneath the water level in North East zone during the training period (4 trials) for two consecutive
days, during which time individual mouse was placed in the tank and were allowed to find the
platform. Over multiple trials wherein the mouse is placed in the tank at different locations, the
mouse learns to find the hidden platform within 60 s by using distal spatial learning cues, here
consisting of colored objects placed on the walls outside of the water tank but in view of the mouse.
If the mouse failed to locate the hidden platform within 60 s, it was guided to the platform and
allowed to stay there for 10 - 20 s. Spatial memory was evaluated by assessing the average latency
time (in seconds) and path length of a mouse before reaching the hidden platform. Twenty-four
hours following the end of the last trial each mouse was given a 60 s probe trial, which determines

the ability of the mouse to retrieve learned information. During probe trial, the hidden platform is
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removed, and parameters such as escape latency (time to reach the previous platform position),
time spent in the platform quadrant, crossings over the platform and total distance travelled were

recorded using automated ANY-Maze™ video software.

Fear conditioning

Fear Conditioning (FC) assesses the ability of rodents to learn and memorize the
association between environmental cues (context) and aversive stimuli (cued). This test is used to
investigate hippocampal- (contextual), as well as amygdala-dependent (cued) memory functions,
as indicated by the freezing response (complete absence of movement except respiration). The
mouse learns rapidly in an environment where the aversive stimulus consists of conditioned (white
tone) and unconditioned stimuli (shock). The experimental set-up consists of a transparent
Plexiglas box with a photo beam detection system and an electric shock generator wired to a grid
in the floor on the box. On Day 1 a mouse was placed in the chamber and allowed to explore
freely for 6 min during which baseline freezing time (conditioning) was observed using automated
video recording software. After 3 min, an auditory stimulus (80 dB tone) was given for 30 s
followed by a 0.35 mA mild foot shock for 2s. Two minutes later another conditioned-
unconditioned pairing was given. The mouse was then removed from the chamber and returned
to the home cage. At Days 2, 7, and 21, each mouse was placed back to the chamber for 6 min
without any shock and the freezing time was recorded (contextual response). Similarly, the mouse
was the placed in the chamber for 6 min after changing contextual cues with a few drops of vanilla
extract, the auditory stimulus (80 dB tone) was delivered during the last 3 min, and freezing time

was recorded (cued response).
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Elevated plus maze

Elevated Plus Maze (EPM) is used extensively with the open field test to assess anxiety-
like behavior. The apparatus is elevated 50 cm above the ground and consists of four arms of 60
x 20 cm at 90°, two open and two closed with elevated walls of 40 cm, and a central square of 10
x 10 cm dimension. In this study, each mouse was placed in the center of the maze facing an open
arm and the video tracking software is used to record arm entries for 5 min. Mice that stay in the
closed arms of the EPM are thought to be exhibiting anxiety-like behavior, whereas those

frequently exploring open arms are considered to be exhibiting less anxiety behavior.

Open field test

The Open Field (OF) test is used to evaluate anxiety-like behavior by placing the mouse in a cubic
(Im x Im x 1m) box with walls to prevent the escape of the mouse. The open field is comprised
of peripheral and central areas marked with a grid and square crossings. Video tracking software
is used to separate the open field into peripheral and central areas of the grid. The mouse is placed
in the center of the open field and allowed to freely move for 10 min under adequate lighting
without any background noise and odors, while tracking total distance travelled and times spent in
the open and periphery using video tracking software. The amount of time spent or number of
entries into central area is indicative of reduced level of anxiety, while more time spent in the

periphery indicates higher anxiety level.

Tail suspension test

Depression-related behaviors and antidepressant activity of drugs can be studied in the

mouse using tail suspension test. In this test, a mouse is suspended above a surface by anchoring
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the tail with tape and is observed for its efforts to escape for 300 s. The duration of periods of

attempts to escape (agitation) and immobility is recorded with a stopwatch.

Touch escape test

The Touch Escape test is a non-cognitive behavior test used to analyze the irritability of
the animal in response to touch as summarized by SHIRPA (Smithkline Beecham, Harwell,
Imperial College, Royal London Hospital, Phenotype assessment) [259]. To determine Touch
Escape, each mouse was taken from the home cage and placed on a table. The evaluator brushed
the sides and back of the mouse from behind starting from the upper front of the thorax then slowly
moving caudally to its tail while evaluating its irritability. A Touch Escape score from 0 to 2 was
determined with the following scale: “0” included freezing, or no progression or regression of
movement from the evaluator’s hand, score “1”” comprised of startle responses like agitation, small
jump, jerk, twitching followed by a small amount of progression away from the evaluator, score

“2” included jumping or quick progressive movements away from the evaluator and/or biting.

Accelerated rotarod test

Briefly, mice were placed on a rotating rod beam, which underwent an acceleration from
4 to 40 rotations per minute (RPM) over 5 min for three consecutive trials separated by a 60 min
interval, and latencies to fall as well as maximal speed before falling were determined. The amount

of time a mouse remains on the accelerating rotating beam is an index of motor coordination.

Statistical analysis

All data are presented as mean + SEM. We used t-test for two groups’ comparison, while
comparison between more than two groups was analyzed by ANOVA followed by Tukey’s honest

significant difference post hoc analyses. Alpha was set at 0.05 for all analyses. Statistical analyses
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were performed using the Statistical Package for the Social Sciences (SPSS), release 24.0 (IBM,

Armonk, NY).

Results
LISPRO did not affect body weight in female APPswe/PS1dE9 mice

Among the long-term adverse effects, lithium therapy is associated with weight gain in a
subset of bipolar patients through an unknown mechanism. But contradictory results also exist
regarding effects of lithium treatment on weight gain or loss in both rodents and humans [260].
To investigate whether LP, LS, and LC treatment had any effect on weight gain in APPswe/PS1dE9
mice, body weights of mice were measured at the beginning (4 months age) as well as at the end
(13 months of age) of the treatment. Nontransgenic WT control mice weighed significantly more
than untreated transgenic APPswe/PS1dE9 cohort both before and after the treatment period
(Figure 5-2), presumably due to a significantly greater deposition of fat tissue in nontransgenic
WT compared with transgenic APPswe/PS1dE9 mice. However, no statistically significant
difference in body weight was found between untreated transgenic APPswe/PS1dE9 mice
receiving normal chow and those receiving LP, LS, or LC treatment for 9 months [Before
treatment, Age = 4 months, F (4, 36) =13.142; p < 0.001; Non-Tg Ctrl vs. Tg-Ctrl: p < 0.001; LP
vs. Tg-Ctrl: p = 0.933; LP vs. LC: p = 1.000; LP vs. LS: p = 0.790. After treatment, Age = 13
months, F (4, 36) =18.359; p < 0.001; Non-Tg vs. Tg-Ctrl: p <0.001; LP vs. Tg-Ctrl: p = 0.992;

LPvs. LC: p=0.995; LP vs. LS: p=0.937.]

LISPRO did not adversely affect the growth of internal organs in APPswe/PS1dE9 mice
Lithium treatment has been shown to influence the functions of endocrine hormones

regulating growth and development of internal organs in mice [261]. Therefore, we wanted to
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examine if long-term lithium treatment would adversely affect the growth of internal organs in
female transgenic APPswe/PS1dE9 AD mice. To our knowledge, no such data is available on the
long-term effect of LP, LC, and LS treatments on organ development in these mice. At sacrifice,
post-hoc analysis showed statistically significant decrease in weights of brain (Figure 5-3a, left
panel), liver (Figure 5-3b, left panel) and kidneys (Figure 5-3b, center panel) in untreated
transgenic APPswe/PS1dE9 cohort compared with non-transgenic WT control mice. However,
the weights of heart, lung and spleen were not significantly different between untreated transgenic
APPswe/PS1g4eo and nontransgenic WT control. In addition, lithium treatment did not significantly
alter the weight of any organ in transgenic mice, indicating no adverse effect of lithium treatment
on growth of these organs. [Brain, F (4, 36) = 2.889; p = 0.038; Non-Tg Ctrl vs. Tg-Ctrl: p =
0.066; LP vs. Tg-Ctrl: p =0.967; LP vs. LC: p =0.688; LP vs. LS: p =0.992. Heart, F (4, 36) =
2.048; p = 0.111; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.763; LP vs. Tg-Ctrl: p = 0.630; LP vs. LC: p =
0.592; LP vs. LS: p = 0.943. Lung, F (4, 36) = 0.815; p = 0.525; Non-Tg Ctrl vs. Tg-Ctrl: p =
1.000; LP vs. Tg-Ctrl: p = 0.947; LP vs. LC: p = 0.873; LP vs. LS: p = 1.000. Liver, F (4, 36)
=16.049; p = 0.0001; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.0001; LP vs. Tg-Ctrl: p = 0.442; LP vs. LC:
p =0.999; LP vs. LS: p =1.000. Kidneys, F (4, 36) = 13.551; p = 0.0001; Non-Tg Ctrl vs. Tg-
Ctrl: p=0.0001; LP vs. Tg-Ctrl: p = 0.998; LP vs. LC: p = 0.675; LP vs. LS: p = 0.983. Spleen,
F (4, 36) = 2.813; p =0.042; Non-Tg Ctrl vs. Tg-Ctrl: p=0.711; LP vs. Tg-Ctrl: p = 0.366; LP vs.
LC: p=0.324; LP vs. LS: p=0.377]
Improvement of spatial memory deficits in female APPswe/PS1dE9 mice by LISPRO
treatment

Within the medial temporal lobes, the hippocampus has been considered to be critical for

spatial memory function and is therefore the focus of this study. In our previous study, we found
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that LISPRO treatment prevents the progression of amyloid deposition in the hippocampus and
cortex in Tg2576 and 3xTg-AD mice models [150]. Due to abundant amyloid deposition in the
cortex and hippocampus by twelve months of age, the transgenic APPswe/PS1dE9 mouse model
of AD also shows spatial and stress-induced memory deficits. To examine whether long-term
LISPRO treatment ameliorates spatial learning and memory deficits in this AD model, the MWM
test was conducted after 8-months of treatment, when the mice were approximately 12 months of
age. All groups showed a gradual decrease in escape latency to find the hidden platform in second
and third trials of training (Trial 1 vs. Trial 2 and Trial 2 vs. Trial 3: p < 0.05; in all five groups;
Figure 5-4a), indicating the learning ability of all mice throughout the training period. At probe
trial, untreated transgenic APPswe/PS1dE9 mice showed longer escape latencies compared to non-
transgenic WT control mice, confirming an AD-associated learning and memory deficit as
determined by the MWM test (Figure 5-4b). In addition, LP-treatment significantly reduced the
time to find the target platform compared with the untreated transgenic APPswe/PS1dE9 mice,
suggesting that LISPRO ameliorates spatial memory deficits in these mice. Although LP treatment
reduced the latency to find the target platform compared with LC and LS treatment, this difference
was not statistically significant. Thus, long-term treatment with LISPRO, LC, or LS protects
against memory loss in transgenic APPswe/PS1dE9 mice. Transgenic mice also spent significantly
less time in the target quadrant compared with nontransgenic WT control mice, but this time was
not altered with lithium treatment (Figure 5-4c). Swimming distance and speed was not
significantly different between untreated and lithium treated transgenic and WT control mice
(Figure 5-4d & e). [Latency at probing, F (4, 34) = 7.801; p = 0.0001, Non-Tg Ctrl vs. Tg-Ctrl: p
=0.0001; LP vs. Tg-Ctrl: p =0.003; LP vs. LC: p = 0.228; LP vs. LS: p = 0.251. Time in target

quadrant, F (4, 34) = 3.824; p = 0.013; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.015; LP vs. Tg-Ctrl: p =
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0.437; LP vs. LC: p = 0.840; LP vs. LS: p = 0.720. Swimming distance, F (4, 34) = 0.389; p =
0.815; Non-Tg Ctrl vs. Tg-Ctrl: p = 1.000; LP vs. Tg-Ctrl: p =1.000; LP vs. LC: p = 0.869, LP
vs. LS: p =1.000. Swimming speed, F (4, 34) = 0.265; p = 0.898; Non-Tg Ctrl vs. Tg-Ctrl: p =
0.949; LP vs. Tg-Ctrl: p =1.000; LP vs. LC: p=0.996, LP vs. LS: p =0.999.]
LISPRO treatment ameliorated contextual associative memory deficits in female
APPswe/PS1dE9 mice

FC test is used to examine associative learning and memory in rodent models of AD by
measuring their freezing behavior. APPswe/PS1dE9 mice show impaired contextual FC memory
at 3 months of age, whereas cued FC is found to be normal [262]. To examine the effect of LISPRO
treatment on hippocampal- and amygdala-dependent memory, we examined both contextual and
cued fear conditioning in female APPswe/PS1dE9 mice at 12 months of age after 8 months of
treatment. At day 1, the baseline freezing responses were recorded where mice were exposed to
conditioned stimulus (mild foot shock) paired with an unconditioned stimulus (audio tone). Total
baseline freezing time was not significantly different between non-transgenic WT and untreated
or lithium treated transgenic APPswe/PS1dE9 mice (Figure 5-5a). The contextual freezing
response was then recorded without tone at 1, 7, and 21 days after conditioning. Freezing times
were not significantly different between lithium treated and untreated transgenic APPswe/PS1deg
mice after 1 and 7 days of conditioning (p > 0.05 in all case; data not shown). However, untreated
transgenic APPswe/PS1dE9 mice exhibited significantly less freezing to the context compared
with nontransgenic WT control mice after 21 days of conditioning (Figure 5-5b). More
importantly, LP-treatment significantly increased freezing times compared to untreated or LC or
LS-treated transgenic APPswe/PS1dE9 mice at this time point. In addition, we also investigated

cued FC, consisting of an audio tone without any foot shock application at days 1, 7, and 21 days
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after conditioning training. No statistically significant differences in freezing time were observed
among treatment groups for cued FC at any day after training (Figure 5-5¢). Taken together, these
results indicated that LISPRO improves contextual memory deficits with no change in cued FC,
suggesting prevention of hippocampal with maintenance of amygdala-dependent cognitive
impairment in female APPswe/PS1dE9 mice. [Baseline conditioning, F (4, 36) = 0.508, p = 0.730;
Non-Tg Ctrl vs. Tg-Ctrl: p = 0.998; LP vs. Tg-Ctrl: p=0.998; LP vs. LC: p=0.970; LP vs. LS: p
=0.993. Contextual FC 21 days, F (4, 36) =6.828, p =0.0001; Non-Tg Ctrl vs. Tg-Ctrl: p=0.007;
LP vs. Tg-Ctrl: p=0.031; LP vs. LC: p=0.039; LP vs. LS: p=0.044. Cued FC, F (4, 36) = 1.445,
p = 0.241; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.174; LP vs. Tg-Ctrl: p = 0.910; LP vs. LC: p = 1.000;

LP vs. LS: p=0.999.]

LISPRO did not reduce anxiety-like behavior in female APPswe/PS1dE9 mice

It is estimated that more than eighty percent of dementia patients show non-cognitive
psychological changes including apathy, depression, anxiety, agitation, and irritability during the
progression of AD [263]. Thus, in this study, we examined anxiety by the open field and elevated
plus maze tests. APPswe/PS1dE9 transgenic mice did not exhibit enhanced anxiety compared with
WT mice as determined by the open field test, reflected as reduced time in center, center entries
or distance traveled in center or enhanced time in periphery or distance traveled in periphery. The
transgenic mice also did not exhibit impaired locomotor activity, reflected as altered total time
mobile. In addition, no measure of anxiety or locomotor activity was altered by lithium treatment
in the transgenic mice. [Time spent in center, F (4, 36) = 2.985, p = 0.034; Non-Tg Ctrl vs. Tg-
Ctrl: p=0.973; LP vs. Tg-Ctrl: p=0.189; LP vs. LC: p = 0.964; LP vs. LS: p = 1.000; Figure 5-
6a. Time spent in periphery, F (4, 36) =0.528, p = 0.716; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.998; LP

vs. Tg-Ctrl: p=0.953; LP vs. LC: p=0.958; LP vs. LS: p = 1.000; Figure 5-6b. Center entries, F
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(4, 36) = 0.522; p = 0.720, Non-Tg Ctrl vs. Tg-Ctrl: p = 0.721; LP vs. Tg-Ctrl: p = 0.999; LP vs.
LC: p = 0.965; LP vs. LS: p = 0.982; Figure 5-6¢. Distance travelled in the center, F (4, 36) =
1.242, p = 0.314; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.665; LP vs. Tg-Ctrl: p = 0.596; LP vs. LC: p =
0.990; LP vs. LS: p = 0.421; Figure 5-6d. Distance travelled in periphery, F (4, 36) =5.369, p =
0.002; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.485; LP vs. Tg-Ctrl: p=0.880; LP vs. LC: p =0.481; LP vs.
LS: p =0.931; Figure 5-6e. Total time mobile, F (4, 36) = 4.053, p = 0.009, Non-Tg Ctrl vs. Tg-
Ctrl: p = 0.360; LP vs. Tg-Ctrl: p =0.995; LP vs. LC: p = 0.392; LP vs. LS: p = 0.996; Figure 5-
6f.]

In contrast to the open field test, transgenic APPswe/PS1dE9 mice exhibited significantly
enhanced anxiety compared with non-transgenic WT control mice, reflected as reduced time spent
in the open arms of the elevated plus maze test. However, this level of anxiety was not significantly
altered by LC, LS or LP treatment. In addition, no significant difference was found between
nontransgenic WT and untreated and lithium-treated transgenic mice in time spent in closed arms
or open or closed arm entries. Overall, these results suggest that LISPRO, LC, or LS have no
effect on anxiety-like or locomotor behavior in female APPswe/PS1dE9 mice. [Time spent in open
arms, F (4, 36) = 5.913, p = 0.001, Non-Tg Ctrl vs. Tg-Ctrl: p = 0.020; LP vs. Tg-Ctrl: p = 0.946;
LP vs. LC: p=1.000; LP vs. LS: p =0.983; Figure 5-6g. Time spent in closed arms, F (4, 36) =
2.307, p = 0.056; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.054; LP vs. Tg-Ctrl: p = 0.977; LP vs. LC: p =
0.494; LP vs. LS: p = 1.000; Figure 5-6h. Open arms entries, F (4, 36) = 1.630; p = 0.190; Non-
Tg Ctrl vs. Tg-Ctrl: p = 0.600; LP vs. Tg-Ctrl: p = 0.996; LP vs. LC: p =0.976; LP vs. LS: p =
1.000; Figure 5-6i. Closed arm entries, F (4, 36) = 2.756; p = 0.044; Non-Tg Ctrl vs. Tg-Ctrl: p =

0.680; LP vs. Tg-Ctrl: p =0.580; LP vs. LC: p = 1.000; LP vs. LS: p = 0.759; Figure 5-6j.]
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LISPRO prevented depression-like behavior in female APPswe/PS1dE9 mice

The prevalence of depression among AD patients has been reported to be 10 to 50% [264].
Therefore, we assessed whether 12-months old APPswe/PS1dE9 mice with advance state of
disease progression show depressive-like behavior and whether LISPRO treatment could reverse
this effect as tested by tail suspension test. Mice were individually suspended by the tail from a
horizontal stand and immobility time was recorded as an index of depressive-like behavior (Figure
5-7a). While transgenic APPswe/PS1dE9 mice exhibited increased immobility time compared
with non-transgenic WT control mice, lithium treatment with LC, LS, or LP reduced immobility
time compared in the untreated transgenic mice. No statistically significant difference in
immobility time was found between LP, LC, or LS treatment. These data suggest that lithium
treatment as LISPRO or carbonate and salicylate salt of lithium reduces depression as a secondary
effect in the treatment of AD. [F (4, 36) =41.093; p = 0.001; Non-Tg Ctrl vs. Tg-Ctrl: p =0.0001,

LP vs. Tg-Ctrl: p =0.0001; LP vs. LC: p =0.999; LP vs. LS: p =0.971; Figure 5-7a.]

LISPRO reduced irritability in female APPswe/PS1dE9 mice

The prevalence of irritability among AD patients was reported from 13-23% in clinical
studies. In addition, transgenic APPswe/PS14es mice show an increased hypersensitivity to touch
indicative of enhanced irritability [265]. Therefore, we examined whether LISPRO treatment
reduces irritability in transgenic APPswe/PS1dE9 mice as determined by the touch escape test
(Figure 5-7b) While transgenic APPswe/PS1dE9 mice showed higher irritability compared to non-
transgenic WT control mice, as shown by its irritability score, LP treatment reduced irritability
compared to untreated transgenic APPswe/PS1dE9 mice. In addition, LP treatment produced

superior reduction of irritability compared with LC, but not LS, treatment. [F (4, 36) =6.272,p =
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0.001; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.013; LP vs. Tg-Ctrl: p = 0.0001; LP vs. LC: p = 0.038; LP
vs. LS: p =0.132; Figure 5-7b.]
LISPRO did not did not alter motor function but lithium carbonate and salicylate treatment
improved motor function compared to LISPRO treatment in female APPswe/PS1dE9 mice
Mild tremor and weakness is one of the common side effects for patients receiving chronic
lithium treatment [266]. Therefore, we determined whether or not long-term LISPRO treatment
changes motor coordination and performance in transgenic APPswe/PS1l4e9 mice, as determined
using the accelerated rotarod test. All mice showed learning of motor functions as indicated by
longer time spent on the rod and higher speed at fall over the course of three consecutive trials
(Trial 1 vs. Trial 2: p < 0.05, within each cohort; Trial 2 vs. Trial 3: p < 0.05, within each cohort
except LS, Figure 5-8c & d). There was no significant difference in time spent on the rod or speed
at fall (RPM) between nontransgenic WT and untreated and LP-treated transgenic
APPswe/PS1dE9 mice. However, LC and LS treatment significantly increased motor function
compared to LP treatment as shown by increased latency to fall and higher speed at fall. Therefore,
LP treatment did not alter motor function in APPswe/PS1dE9 mice, but LC and LS treatment
showed improved motor function compared to LP treatment. [Latency to fall, F (4, 107) = 3.633;
p = 0.008; Non-Tg Ctrl vs. Tg-Ctrl: p = 0.943; LP vs. Tg-Ctrl: p = 0.623; LP vs. LC: p = 0.018;
LP vs. LS: p = 0.024; Figure 5-8a. Speed at fall, F (4, 107) = 3.587; p = 0.009; Non-Tg Ctrl vs.
Tg-Ctrl: p = 0.962; LP vs. Tg-Ctrl: p =0.568; LP vs. LC: p = 0.016; LP vs. LS: p = 0.028; Figure

5-8b.]

Discussion
Currently available medications approved by the FDA for the treatment of Alzheimer’s

disease only mildly reduce certain cognitive symptoms, but do not prevent the disease or slow its
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progression. However, a growing body of both translational and preclinical evidence suggests that
lithium may potentially have significant disease modifying therapeutic benefits for patients with
mild cognitive impairment or early stage AD [200][92]. Although a few studies reported no effect
of lithium chloride on A levels [267][268] or even neurodegeneration induced by tau suppression
[269], the overriding evidence indicates that lithium treatment effectively reduces extracellular -
amyloid [150][270] and tau hyperphosphorylation in cell culture and animal models of AD
[267][271]. Likewise, intracerebroventricular injection of AP in zebrafish embryo impairs
cognition which was successfully reversed by lithium administration [271]. Lithium has been
shown to ameliorate neuropathology and restore hippocampal neurogenesis in Ts65Dn mice, a
transgenic model of Down Syndrome, in which chromosome 21 with its APP gene is inherited in
triplicate [272]. Gelfo et al. (2017) recently investigated the potential beneficial effects of a 30-
day oral lithium treatment (0.24% lithium in diet) in preventing neuropathology and cognitive
dysfunction following basal forebrain cholinergic neurodegeneration in rats.  While lithium
treatment did not affect choline acetyltransferase and caspase-3 activity, it significantly rescued
memory deficits suggesting that lithium’s therapeutic effects were not dependent on the
cholinergic system [273]. Using a rat hippocampal neuron model, Dwivedi et al. (2015) reported
that lithium-induced neuroprotection is associated with epigenetic modification of brain-derived
neurotrophic factor (BDNF) gene promoter and altered expression of apoptotic-regulatory proteins

[274].

In an initial open label feasibility and tolerability clinical trial in mild to moderate AD
patients, no significant effects of lithium on cognition were observed after 1 year of treatment
[275]. In another single blind multi-center trial in mild to moderate AD patients, no significant

effects on cognition were observed after 10 weeks [276]. However, in these early clinical studies,
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the dosage was titrated to reach a target serum lithium level based on the prophylaxis range (0.5-
0.8 mmol/L) typically used for the maintenance of bipolar disorder. In a more recent double-blind
placebo controlled disease modification trial, subjects with mild cognitive impairment (MCI) who
received lower levels of lithium (0.25-0.5 mmol/L) had significantly lower conversion rates to AD
than those receiving placebo [200]. Moreover, those who had received lithium had significantly
lower CSF phospho-tau levels as well as better compliance and performance on the cognitive
subscale of the Alzheimer's disease Assessment Scale [200]. In another double-blind, placebo
control trial, microdoses (300 ug) of lithium daily for 15 months prevented cognitive decline in
AD patients as measured by the mini-mental state examination (MMSE) compared to placebo,
with the benefits starting after 6 months and persisting until the end of trial [202]. In addition,
chronic lithium treatment has been also shown to increase the serum levels of BDNF in patients
with early AD [277], which could be responsible for cognitive enhancement.

Despite the therapeutic potential for lithium in the treatment of AD neuropathology and
cognitive impairment, lithium formulations currently available exhibit a narrow therapeutic
window with an increased risk of side effects and noncompliance in elderly populations [278].
With the goal of improving lithium’s therapeutic profile, we have been investigating the safety,
pharmacokinetics, and therapeutic efficacy of LISPRO, a novel ionic co-crystal of lithium
salicylate and I-proline, compared with lithium carbonate and lithium salicylate across a host of
preclinical models of AD. Employing the same chronic dosage regimen found to reduce AD-like
neuropathology in our previous study, the major findings of the present study was that chronic 8-
month oral treatment with LISPRO ameliorated spatial (Figure 5-4b) and contextual memory
deficits (Figure 5-5b) typically found in female APPswe/PS1dE9 mice at 12 months of age, without

adversely effecting body or internal organ development (Figure 5-3a-b), anxiety (Figure 5-6) or
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motor function (Figure 5-8). This improved spatial and associative memory function could be
mediated through restoration of pre-and post-synaptic protein functions, which is shown in our
previous study [150]. A further electrophysiological study is necessary to reveal the protective
synaptic functions of LISPRO treatment.

In addition, LISPRO reduced depressive like behavior as assessed in the tail suspension
test and irritability as assessed in the touch escape test. Similar to our previous study which found
LISPRO to have a superior therapeutic profile for several neuropathological endpoints in cellular
and animal models, LISPRO exhibited superior improvement in contextual memory deficits
(Figure 5-5b), and amelioration of irritability (Figure 5-7b), compared with molar equivalent doses
of lithium carbonate or lithium salicylate. All three formulation LISPRO, carbonate and salicylate
pharmaceutics of lithium, significantly improved spatial memory deficits (Figure 5-4b) and
depressive-like behavioral symptoms (Figure 5-7a) in female transgenic APPswe/PS1dE9 mice
measured by tail suspension test (Figure 5-7a). Lithium carbonate and salicylate showed improved
motor function coordination compared to LISPRO as assessed by accelerated rotarod test (Figure
5-8).

Secondary symptoms such as agitation and psychosis are common in AD and are associated
with increased patient distress, increased caregiver burden, more rapid cognitive decline, greater
risk of institutionalization and mortality, and increased health care costs. Unfortunately, currently
available medications used often off-label to target these secondary symptoms have been reported
to have long term adverse effects. For example, the FDA issued a black box warning in 2005 that
antipsychotics significantly increased all-cause mortality in dementia. Moreover, valproic acid, a
mood stabilizer used often off-label to treat agitation across diverse patient populations was found

to significantly accelerate brain atrophy as determined by magnetic resonance imaging as well as
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cognitive impairment following 1-year treatment in AD patients [279]. Therefore, the ability of
chronic treatment with LISPRO to safely reduce AD-like neuropathology and cognitive deficits
but also depressive like behavior and irritability in APPswe/PS1dE9 mice has intriguing

implications if these preclinical findings translate into clinically meaningful therapeutic benefits.
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Figure 5-1 Outline of study design.

Female APPswe/PS1dE9 mice at 4 months of age were fed with either regular chow (Tg-Ctrl, n =
8) or chow that contained lithium carbonate (LC, 0.05% equivalent to 83 mg/kg/day, n = 6),
lithium salicylate (LS, 0.20% equivalent to 325 mg/kg/day, n = 6) or lithium salicylate proline co-
crystal, LISPRO (LP, 0.35% equivalent to 583 mg/kg/day, n = 8) for 9 months. In addition, aged-

matched

non-transgenic background control mice (B6C3F1/J, Non-Tg Ctrl, n = 10) were fed

regular chow for 9 months as control. Each treatment group was subject to a battery of behavioral
tests at 12 months of age and mice were sacrificed at 13 months of age.
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Figure 5-2 Lithium treatment did not affect body weight gain in female APPswe/PS1dE9
mice.

Female transgenic APPswe/PS1dE9 mice were fed with either regular chow (Tg-Ctrl) or chow that
contained lithium carbonate (LC), lithium salicylate (LS) or lithium salicylate proline co-crystal,
LISPRO (LP), as described for Diagram 1. In addition, age-matched non-transgenic WT mice
(B6C3F1/J, Non-Tg Ctrl) were fed normal chow as control. Each treatment group was subjected
to body weight measurement at the beginning of treatment (4 months) and at the time of sacrifice
(13 months). Lithium treatment (LC, LS, or LP) for nine months had no effect on weight gain
compared to transgenic APPswe/PS1dE9 mice (p > 0.05 = ns). But, non-transgenic WT cohort
control showed significant difference of body weight compared to transgenic cohort before (Non-
Tg vs. Tg-Ctrl: ***p < 0.001) and after (Non-Tg vs. Tg-Ctrl: ***p < 0.001) the treatment. Data
shown as means + SEM. [p > 0.05 = non-significant = ns; *p < 0.05; **p < 0.01; ***p < 0.001]
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Figure 5-3 LISPRO treatments did not affect growth of internal organs in APPswe/PS1dE9
mice.

The weight of brain (a, left upper panel), heart (a, middle upper panel), lung (a, right upper panel),
liver (b, left lower panel), kidney(s) (b, middle lower panel), and spleen (b, right lower panel) were
determined at time of sacrifice in female APPswe/PS1dE9 cohort fed normal chow (Tg-Ctrl) or
chow containing LC, LS, or LP as well as aged-matched non-transgenic WT control cohort fed
normal chow (Non-Tg Ctrl), as described for Diagram 1. No significant differences in the weight
of internal organs were observed after 9-months treatment with LP, LC, or LS compared with
untreated APPswe/PS1dE9 mice (p > 0.05 = ns). Data shown as means £ SEM. [p > 0.05 = non-
significant = ns; *p < 0.05; **p < 0.01; ***p < 0.001]
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Figure 5-4 Spatial memory deficits in APPswe/PS1dE9 mice are improved by chronic
LISPRO treatment.

Female APPswe/PS1dE9 and non-transgenic WT control mice were fed normal chow or chow
containing LC, LS, or LP as described for Diagram 1 followed by MWM testing. (a) Latency to
find the hidden platform was determined during the training period during four trials. During the
training period, the untreated transgenic APPswe/PS1dE9 cohort (Tg-Ctrl) took significantly more
time to find the platform compared with the non-transgenic control mice (Non-Tg Ctrl), indicating
a deficit in spatial learning. All three lithium treatments (LC, LS, and LP) significantly reduced
spatial learning deficit (**p < 0.01), as indicated by reduced latency, compared with the previous
trial within the same cohort. (b) Latency to find platform target was determined during the probe
trial of MWM, performed 24 h after the last training trial. Transgenic APPswe/PS1dE9 cohort
took more time to find the target platform than the non-transgenic WT cohort (**p < 0.01) and LP
treatment reversed this learning deficit (**p < 0.01). (c) Time spent in target quadrant was
determined for probe trial. No significant differences were found in time spent in target quadrant
for lithium treated- and transgenic cohort (p > 0.05 = ns). In addition, no statistically significant
differences were found in (d) total swimming distance travelled (p > 0.05 = ns) and (e) mean
swimming speed (p > 0.05 = ns) during the probe trials. (f) Swim tracking plot during probe trial.
Data shown as means = SEM. [p > 0.05 = non-significant = ns; *p < 0.05; **p < 0.01; ***p <
0.001]
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Figure 5-5 LISPRO improves associative-learning and memory on contextual fear
conditioning in female APPswe/PS1dE9 mice.

Female transgenic APPswe/PS1dE9 and non-transgenic WT control cohort were fed with normal
chow or chow containing LC, LS, or LP as described for Diagram 1, followed by contextual and
cued fear conditioning testing. (a) No statistically significant differences for freezing time were
found during the conditioning training between non-transgenic WT control (Non-Tg Ctrl) and
transgenic APPswe/PS1dE9 control (Tg-Ctrl) or treated with LC, LS, or LP (p > 0.05 = ns). (b)
No statistically significant difference in contextual freezing times were found among transgenic
APPswe/PS1dE9 mice untreated or treated with LC, LS, or LP at 2 or 7 days after conditioning (p
> 0.05). However, contextual freezing time after 21 days-conditioning was significantly longer
for transgenic APPswe/PS1dE9 mice treated with LP compared with transgenic APPswe/PS1dE9
cohort control (*p < 0.05), LC (*p < 0.05), and LS (*p < 0.05) cohort. (c) No statistically
significant difference in cued freezing time was found among nontransgenic WT control and
transgenic APPswe/PS1dE9 cohort control or treated with LC, LS, or LP (p > 0.05 =ns, in all case)
in the same time period recorded. Data shown as means = SEM. [p > 0.05 = non-significant = ns;
*p < 0.05; **p <0.01; ***p <0.001]
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Figure 5-6 LISPRO does not improve anxiety-like behavior or locomotor activity in
APPswe/PS1dE9 mice.

Female APPswe/PS1dE9 mice (Tg-Ctrl) exhibited statistically non-significant anxiety-like
behavior and locomotor impairment as shown by (c) reduced center entries (p > 0.05) and (d)
reduced time spent mobile (p > 0.05), respectively, compared with non-transgenic WT cohort
control during open field testing. No statistically significant differences were observed among
transgenic APPswe/PS1dE9 cohort or treated with LC, LS, or LP in (a) time spent in center or (b)
periphery, (c) number of center entries, (d) distance travelled in center or (e) periphery or (f) total
mobile time. Likewise, transgenic APPswe/PS1dE9 cohort exhibited anxiety as shown by
statistically significant reduced (g) time spent (*p < 0.05) and (i) statistically non-significant but
reduced entries in open arms in elevated plus maze test (p > 0.05). Similarly, no statistically
significant differences were observed among transgenic APPswe/PS1dE9 cohort or treated with
LC, LS, or LP in (g) time spent and entries (g & i) in open or (h & j) closed arms (p > 0.05; in all
case). Data shown as means = SEM. [p > 0.05 = non-significant = ns; *p < 0.05; **p < 0.01; ***p
<0.001]
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Figure 5-7 LISPRO reduces depressive-like behavior and irritability in APPswe/PS1dE9
mice.

Female transgenic APPswe/PS1dE9 cohort (Tg-Ctrl) exhibited depressive-like behavior compared
with nontransgenic WT cohort control (Non-Tg Ctrl vs. Tg-Ctrl: ***p < 0.001) as shown by
increased immobility time in tail suspension test, which was reduced by LC, LS, and LP treatment
(@, Tg-Ctrl vs. LP: ***p < 0.001). In addition, transgenic APPswe/PS1dE9 cohort exhibited
increased irritability as shown by increased irritability score in touch escape test compared to
nontransgenic WT cohort control (Non-Tg Ctrl vs. Tg-Ctrl: *p < 0.05) , which was reversed by
LP, and LS treatment (b, **p < 0.01). In addition, a statistically significant reduction in irritability
score was found between LP and LC treatment (**p < 0.01). Data shown as means + SEM. [p >
0.05 = non-significant = ns; *p < 0.05; **p < 0.01; ***p < 0.001]
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Figure 5-8 Not LISPRO but carbonate and salicylate treatment showed improved motor
function compared to LISPRO in female APPswe/PS1dE9 mice.

Female transgenic APPswe/PS1dE9 cohort control (Tg Ctrl) did not exhibit altered motor
coordination compared with nontransgenic WT cohort control (Non-Tg Ctrl), as determined by (a)
latency to fall (Non-Tg Ctrl vs. Tg-Ctrl: p > 0.05 = ns) or (b) RPM at fall (Non-Tg Ctrl vs. Tg-
Ctrl: p > 0.05 = ns) throughout three consecutive trials of accelerated rotarod testing. In addition,
motor coordination did not differ between transgenic APPswe/PS1dE9 and LP treated cohort (LP
vs. Tg-Ctrl: p > 0.05 = ns). Both LC and LS treatment showed improved motor function compared
to LISPRO during (a) latency at fall (LP vs. LC: p <0.01; LP vs. LS: p <0.01) and (b) lower speed
at fall [LP vs. LC: p<0.01; LP vs. LS: p<0.01). Both non-transgenic WT control and transgenic
treated or control exhibited enhanced motor function learning compared with the previous trials as
determined by (c) increased latency to fall and (d) increased maximum speed at fall over three
consecutive trials. Data shown as means = SEM. [p > 0.05 = non-significant = ns; *p < 0.05; **p
<0.01; ***p < 0.001]
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CHAPTER 6

DISCUSSION

AD is the most common cause of dementia among the elderly. APP is strongly implicated
in dysregulated amyloidogenic processing, synthesis, and subsequent release of AP peptides. The
aggregation of AP peptides as plaques and accumulation of hyperphosphorylated tau as
neurofibrillary tangles are two core AD neuropathological features. Neuronal dysfunction and cell
death occurs as a result of protein misfolding and aggregations. Progressive neurodegeneration in
the cortex and hippocampus causes atrophy (shrinkage) and ventricular enlargement, particularly
involving the frontal, parietal, and temporal lobes. The disease progress is associated with gradual
cognitive deterioration and associated decline in different aspects of daily life activities which
include working memory, language, and executive functions such as organization and planning.
To date, no effective disease-modifying treatments exist for AD. Currently available treatments of
AD include acetylcholinesterase inhibitor and NMDA- receptor antagonist, which are safe and
reported to show mild to moderate symptomatic benefits in several independent studies. However,
these drugs do not stop the deterioration of cognitive functions in AD patients. Therapeutic
approaches that lower or inhibit the formation of AP and restrain the pathological transformation
of tau are capable of slowing down disease progression. The development of novel drugs for AD

with strong disease-modifying approaches is one of the biggest unmet clinical needs in global
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health care system. Thus, the search for novel biological and pharmacological approaches targeting

the molecular events underlying the pathogenesis has been a major goal of our research.

Research in recent years has indicated that blood circulatory system can modulate brain
physiology and pathology in normal aging and neurodegenerative conditions such as AD. Factors
those are required for maintenance of tissue homeostasis start to decrease, while factors involved
in injury-repair and inflammation increase as we get older [40]. In a study of parabiosis, a
surgically connecting shared blood system of 3- and 18- month- old mouse study showed increased
number of neural stem cells, increased activity of synapses, increased expression of genes involved
in formation of new memories, and decreased inflammation in this model of old mouse brain [41].
The same group also discovered that soluble factors responsible for this beneficial effect in young-
old parabiosis mouse model, as no evidence of blood cells entry was found in the brain [75]. More
interestingly, studies on a mouse model for aging have shown that intravenously transfused young
human plasma rejuvenate age-related changes in old mice brain and improve cognitive function as
assessed via Barnes maze test [156]. Such results indicate that soluble factors in young blood
possess enormous potential to reverse age-related impairments in the brain structure and cognitive
functions. Beyond aging studies, one of our collaborators also performed a parabiosis study by
joining transgenic APPswe/PS1dE9 amyloid and WT aged-matched background control mice. The
study data show that peripheral system plays crucial role in the clearance of AP in transgenic
APPswe/PS1dE9 AD mice [157]. Recent advances in cord blood research emphasize the
therapeutic possibility of HUCBC in several CNS disorders including AD. HUCBC possess anti-
inflammatory and immune modulatory potential with self-renewal capabilities. We hypothesized
that HUCBS may also possess anti-inflammatory immunomodulatory therapeutic potential for AD

and other dementias. The study outlined in this PhD dissertation is the first to demonstrate that
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HUCBS contain a-secretase-like enzyme that has significant potential to produce sAPPa compared
to adult and aged blood serum (Chapter 2). In this study, we have isolated and purified a fraction
enriched in a-secretase like enzyme (termed as a-CBSF) from HUCBS with thousand-fold more
sAPPa producing capacity than the original fraction. Identification and purification of this novel
enzyme has enormous therapeutic significance for subset of patients suffering from AD with low
levels of sAPPa. The neuroprotective functions of sAPPa in neuronal environment have been
evidenced by several independent studies [56]. As outlined in the introduction, sAPPa has
neurotrophic and neuroprotective properties by preventing neuronal cell death in AD brain.
Additionally, others and we have shown that sAPPa decrease amyloid [42] and tau pathology [43]
by inhibiting BACE1 and GSK3p enzyme in rodent models. While the neuroprotective and anti-
AD effect of sAPPa is well established, aCBSF infusion for 6 weeks via osmotic minipump
showed improvement of cognitive functions and reduction of amyloid load in cerebral cortex and
hippocampus in transgenic 5XFAD mice. In further studies, we tried to identify the heat-sensitive
protein factor(s) from aCBSF. Our study identified a novel role for complement protein C1 in the
cell culture system. Multi-step fractionation followed by LC-MS/MS analyses of aCBSF has
identified several proteins compared to AgBSF, each of which could potentially generate SAPPa.
by cleaving APP in cellular system. Utilizing in vitro CHO/APPwt, N2a/APPwt, and TgAPPwt
primary neuronal cell lines, we found that a-secretase-like enzyme produce sAPPa. may be
mediated by complement protein C1 (Chapter 3). This result indicates that complement protein C1
might play a crucial role in the brain during APP processing and progression of AD. Although our
preliminary data suggest that complement protein C1 is a novel candidate for APP cleavage in
cellular condition, further investigation is needed to translate these findings in preclinical models

brain.
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Lithium has a long history in treating bipolar disorder and other psychiatric conditions. In
1859, Lange used lithium as a prophylactic for depressive illness. After a long break, Cade in 1949
reintroduced lithium salts to treat manic-depressive illness, currently known as bipolar disorder.
Subsequently in 1954, Schou and colleagues conducted the first randomized controlled trial and
showed that lithium salt has better anti-manic treatment effects compared to electroconvulsive
therapy [198]. Despite the strong evidence that lithium salt has neuroprotective potential to treat
several diseases, currently available lithium pharmaceutics exhibit a narrow therapeutic window
with an increased risk of side effects and noncompliance in elderly populations [278]. To examine
lithium’s therapeutic profile, we have investigated the safety, pharmacokinetics, and therapeutic
efficacy of LISPRO, in comparison with lithium carbonate and the parent lithium salicylate salts
in preclinical models of AD. Pharmacokinetic studies indicated that LISPRO provided
significantly higher brain lithium levels and more steady plasma lithium levels in both normal and
transgenic Alzheimer’s-like mice when compared to lithium carbonate. We predict that LISPRO
might prevent the drastic change of lithium levels in the plasma seen with current lithium drugs,
maintain stable therapeutic doses and, thus, would represent a significant improvement over
current lithium medicines for a desired time by slow-release into the peripheral blood. While
examining the inflammatory safety profiles, a 2-week oral treatment of lithium carbonate in normal
mice increased proinflammatory cyclooxygenase-2 expression in the kidneys, while the molar
equivalent of lithium administered as LISPRO did not. Although lithium has anti-inflammatory
properties, several studies indicate that chronic administration of lithium might induce COX2
expression through inhibition of GSK3p activity. Our data also showed that both lithium carbonate
and LISPRO inactivate GSK3p, but only lithium carbonate activates COX2 whereas LISPRO

suppresses COX2 due to the anti-inflammatory properties of the salicylate anion. While
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investigating the therapeutic efficacy, we found that 8- as well as 28-week treatment with LISPRO
produced superior reduction of hippocampal brain pathology, including AB plaque deposition,
neuroinflammation, and neurodegeneration in transgenic Alzheimer’s-like mice models [150]. It
has been reported that lithium prevents the generation of AB peptides by inhibiting GSK3a activity,
which interferes with APP y-secretase cleavage. Addition of salicylate, which is the primary
metabolite derivative of acetyl-salicylic acid, improves the safety and might modify the
pharmacological action of lithium. Moreover, several lines of evidence demonstrated that lithium
is a direct inhibitor of GSK3p and also increases the inhibitory serine-phosphorylation. Using
human HeLa/tau, human neuroblastoma SHSY-5Y, and primary neuronal cell lines, we found that
LISPRO inhibits phosphorylation of tau, which is associated with increasing inhibitory
phosphorylation of GSK3B (Ser®). Additionally, both 8- and 28-week LISPRO treatment
significantly reduces p-tau (Thr?!) phosphorylation compared to Li.CO3and control in Tg2576
and 3XTg-AD mice tested using immunohistochemistry [p-tau (Thr?®) and p-tau (Ser®®)] and
western blot analyses [p-tau (Ser®, Ser®® Thr'8l and ThrY)], and in many cases lithium
salicylate, significantly attenuates tau phosphorylation compared to lithium carbonate and control.
Taken together, these findings indicated that LISPRO inactivates GSK3p activity, and thereby
reduces tau phosphorylation, microglial inflammation, GSK3p activity, and was superior to
lithium carbonate in enhancing neuronal stem cell differentiation (Chapter 4). While examining
the effect of LISPRO and other two lithium drugs on behavioral functions, we found that LISPRO
exhibited superior improvement in contextual memory deficits, and amelioration of irritability,
compared with molar equivalent doses of lithium carbonate or lithium salicylate. All three
formulations LISPRO, carbonate and salicylate pharmaceutics of lithium, significantly improved

spatial memory deficits and depressive-like behavioral symptoms in transgenic APPswe/PS1dE9
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mice measured by tail suspension test. Lithium carbonate and salicylate showed improved motor
function coordination compared to LISPRO as assessed by accelerated rotarod test (Chapter 5).
Therefore, it is evident that chronic treatment with LISPRO can not only safely reduce AD-like
neuropathology and cognitive deficits, but also reduce the depressive like behavior and irritability
in APPswe/PS1dE9 mice. These preclinical findings/results have intriguing implications if they

translate into clinically meaningful therapeutic benefits.
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