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5

Abstract6

Alzheimer?s disease (AD) continues to threaten aged individuals and health care systems7

around the world. Human beings have been trying to postpone, reduce, or eliminate the8

primary risk factor for AD, aging, throughout history. Despite this, there is currently only9

symptomatic treatment for AD and this treatment is limited to only a handful of FDA10

approved AD drugs.11

12

Index terms—13

1 Introduction14

lzheimer’s disease (AD) continues to threaten aged individuals and health care systems around the world. Human15
beings have been trying to postpone, reduce, or eliminate the primary risk factor for AD, aging, throughout16
history. Despite this, there is currently only symptomatic treatment for AD and this treatment is limited to only17
a handful of FDA approved AD drugs. This review will cover:18

? AD epidemiology ? Current FDA approved drugs (treat symptomology)19
? Mild Cognitive Impairment ? The transition process from MCI to AD ? Genetic and Biologic Markers in AD20

? New targets ? The role of neuroinflammation in AD ? Factors and systems that influence inflammation including21
the complement system ? Complement system’s direct involvement in AD including a role in Beta-Amyloid and22
Tau Pathology ? Complement inhibition in AD modulation and prevention23

The only FDA approved drugs; donepezil, galanthamine, rivastigmine (acetylcholinesterase inhibitors)24
memantine (N-MDA antagonist), and donepezil/memantine (acetylcholinesterase inhibitor combined with N-25
MDA antagonist) demonstrate varying efficacy only with symptomatic management. There are recent advances26
and potential breakthroughs that need more validation but may become significant [4]. A recently discovered27
APOE double mutation may yield insight into the mechanism of AD. However, this promise remains years away.28
??5] The current standards of care rely on acetylcholinesterase inhibitors, N-MDA blockers, or a combination of29
the two. In the 1980’s, a loss of cholinergic neurons in the Nucleus Basalis of Meynert region of Alzheimer’s brains30
gave rise to the cholinergic hypothesis. Subsequently, an accumulation of beta-amyloid protein (A?), especially in31
the hippocampus, gave rise to the beta-amyloid hypothesis. This suggested the accumulation of A? in the brain32
was the primary cause of AD. The tau hypothesis followed, which presumed that intracellular accumulations of33
tau, creating spindle fibers, also contributed to AD [6]. Now the picture is more complicated, but beta -amyloid34
and tau remain important aspects of AD. The pressure to develop-disease modifying drugs and cures for AD35
drugs continues to increase [7].36

In order to develop effective disease modifying drugs, it is important to better understand: 1) Alzheimer’s37
disease mechanisms such as generation and clearance of beta amyloid, p-tau, the role of APOE4, synaptic38
maintenance and synaptic elimination or pruning as well as and many other mechanisms 2) biomarkers that39
identify, predict and /or track progression of AD 3) biological systems that play a role in day-to-day homeostasis40
and health but also play a role in Alzheimer’s disease and 4) the relationship between Mild Cognitive Impairment41
(MCI) and AD. What causes the progression of MCI to AD, and what prevents the progression? This is a42
fundamental question we will try to address in this review. The cost of Alzheimer’s drug discovery and drug43
development is substantial. Total national cost of caring for those with Alzheimer’s and other dementias is44
estimated at $277 billion (not including unpaid caregiving) in 2018, of which $186 billion is the cost to Medicare45
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3 COMPLEMENT SYSTEM IN ALZHEIMER’S DISEASE

and Medicaid; out-of-pocket costs represent $60 billion of the total payments, while other costs total $30 billion.46
??8].47

Drugs that have been approved for a different indication may be repurposed for Alzheimer’s disease. are48
highly attractive. These may include medications that are structurally or functionally related to compounds that49
already have passed phase I safety trials.50

2 II.51

3 Complement System in Alzheimer’s Disease52

There has been much recent interest in the complement system’s role in AD. The complement system facilitates53
the immune system’ response to destroy and remove foreign pathogens. It also appears to influence beta-amyloid,54
tau, and APOE4 interaction in AD [9] [10]). (For complement system review see Fritzinger and Benjamin (2016)55
[11].56

Complement system activation is a precise process, controlled by regulatory proteins found in both plasma and57
at host cells’ surfaces. C3 protein plays a major role in complement activation and control of immune responses.58
Deficiencies of C3 and so-called early and late complement proteins contribute to the emergence of recurrent59
bacterial, viral, and fungal infections. Importantly, mannose-binding lectin occurs at low levels. This protein60
plays a protective role in the early stages of infection as well as controlling inflammation. C3 deficiency is a61
common cause of human immunodeficiency, observed in microbial infections and autoimmune diseases such as62
rheumatoid arthritis. However, excessive activation of complement proteins has now been linked to Alzheimer’s63
disease [12], autoimmune diseases, schizophrenia, atypical hemolytic-uremic syndrome, angioedema, macular64
degeneration, and Crohn’s disease [13].65

In the case of multiple sclerosis, inflammation is tightly linked with neurodegeneration, and it is the66
accumulating neurodegeneration that underlies increasing neurological disability in progressive multiple sclerosis67
(MS). Complement expression can be evaluated by immunocytochemistry and, in situ hybridization causes68
expression of the transcript for C1qA in neurons and the activation fragment and opsonin C3b-labelled neurons69
and glia in the MS cortical and deep grey matter. A recent study by Watkins et al. (2016) [14] demonstrated70
the density of immunostained cells positive for the classical complement pathway protein C1q and the alternative71
complement pathway activation fragment Bb was significantly increased in cortical grey matter lesions compared72
to control grey matter. Cells immunostained for the membrane attack complex (MAC) were elevated in cortical73
lesions, indicating complement activation to completion. Classical (C1-inhibitor) and alternative (factor H)74
pathway regulator-positive cells were unchanged between MS and controls. Complement anaphylatoxin receptor-75
bearing microglia in the MS cortex were closely opposed to cortical neurons [14].76

Complement immune positive neuron morphology reflects cell stress/damage, suggesting significant neurode-77
generation in cortical grey matter lesions. Thus, complement appears activated in MS cortical grey matter lesions78
where increased complement receptor-positive microglia were found.79

The finding that complement proteins are abundant and can play pathological roles in neurological conditions80
offers potential for therapeutic intervention. Accordingly, frequent studies have explored unique activation81
pathways, proteases, receptors, complexes, and natural inhibitors of complement to mitigate pathology in acute82
neurotrauma and chronic neurodegenerative diseases. Brennan et al. (2016) reviewed recent studies that discussed83
the mechanisms of complement activation in the central nervous system (CNS), and the effects of complement84
inhibition in cerebral ischemic-reperfusion injury, traumatic brain injury, spinal cord injury, Alzheimer’s disease,85
amyotrophic lateral sclerosis, Parkinson’s disease and Huntington’s disease [15]. The authors of this particular86
review provide perspectives on how promising complement-targeted therapeutics could become part of novel and87
effective future treatment options [15]. In the rat, a single intracerebroventricular injection of neuraminidase from88
Clostridium perfringens induces ependymal detachment and death. The neuraminidase study implicates critical89
involvement of the complement system. In this study, complement activation, triggered by neuraminidase, was90
analyzed by Western blot. Primary cultures of ependymal cells and explants of the septal ventricular wall were91
assessed in vitro. In these models, ependymal cells were exposed to neuraminidase in the presence or absence of92
complement, and their viability was assessed by observing cilia or by trypan blue staining. The role of complement93
in neuraminidase induced ependymal damage was analyzed in vivo in two rat models of complement blockade:94
systemic inhibition of a C5 blocking antibody and testing in C6-deficient rats [15].95

Injecting rats intracerebroventricularly with neuraminidase causes complement membrane attack complex96
(MAC) to immunolocalize on the ependymal surface [16]. C3 activation fragments were found in serum and97
cerebrospinal fluid of rats treated with neuraminidase, suggesting that neuraminidase itself activates complement.98
In ventricular wall explants and isolated ependymal cells, treatment with neuraminidase alone induced ependymal99
cell death; however, the addition of complement caused increased cell death and disorganization of the ependymal100
epithelium. Granados-Durán and colleagues (2016) [16] treated rats with anti-C5 or used C6-deficient rats, with101
intracerebroventricular injection of neuraminidase that resulted in reduced ependymal alterations, compared to102
non-treated or control rats. Immunohistochemistry confirmed the absence of membrane attack complex on the103
ependymal surfaces of neuraminidase-exposed rats treated with anti-C5 or deficient in C6.104

The authors concluded these results demonstrate that the complement system contributes to ependymal105
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damage and death caused by neuraminidase. However, neuraminidase alone can induce moderate ependymal106
damage without the aid of complement [15] [16].107

It also appears that mitochondrial function and neuroinflammation are related. Neuroinflammation causes108
over-activation of microglia, which in turn causes increases in pro-inflammatory cytokines, processes that are109
hallmarks of AD [17] [18] [12]. Complement’s role in normal brain development and neuropathology has not110
been traditionally appreciated. Complement protects the host against infection. Thus, improved function was111
not always predicted. Complement has been implicated in depression, epilepsy, demyelination and dementia.112
Complement’s role in inflammation is complicated, with respect to these diseases. Activation of complement113
pathways may actually accentuate development of AD, bringing into focus the possibility that complement114
inhibition may be a viable approach to AD treatment [9] [12]. Complement’s role in modulating synapse115
density in AD may also be a critical part of disease progression. C3 deficient mice apparently are unable to116
remove synapses from damaged neurons as efficiently as control mice. Reducing C3 in mice increased numbers of117
synapses, and improved cognitive performance according to Berg et al. (2012) [19]. While this result is somewhat118
counterintuitive, because C3 deficient mice don’t clear or eliminate damaged neurons, it is supported by the fact119
that the known age-associated synaptic loss in hippocampus is also reduced in C3 deficient mice. Reducing120
age-associated synaptic loss is associated with better learning and memory. The implication clearly becomes121
complement may work against robust synaptic health in aging and may play a critical role in AD. To take this122
thought one step further, complement inhibition could be a viable strategy for aging and AD. Axotomized spinal123
motoneurons lacking C3 caused reduced removal of synaptic terminals, suggesting an important role for C3 in124
AD [19].125

Complement C7 appears to have a role as a novel gene in AD. In a recent study by Zhang et al., (2019)126
[22], whole-exome sequencing of Han Chinese patients with familial and/or early-onset Alzheimer’s disease was127
conducted. The exome was independently validated, imaged and characterized. Investigators identified an128
exome-wide significant rare missense variant rs3792646 (p.K420Q) in the C7 gene.129

Investigators validated the association in different cohorts and a combined sample (1615 cases and 2832130
controls). The risk allele was associated with reduced hippocampal volume and impaired working memory131
performance younger adults. This risk allele may be associated with early onset AD. Overexpression of p.K420Q132
altered cell viability, activation of the immune system and affected ? -amyloid processing. The mutant p.K420Q133
inhibited excitatory synaptic transmission in pyramidal cells, in an electrophysiogical assay. This result further134
supports the idea that C7 is a novel risk gene in AD in the Han Chinese population [22].135

Accumulated beta-amyloid peptides in AD brains activate the classical C pathway by binding to a collagen-like136
domain (CLF) within C1q. This pathway is activated by synthetic analogues of beta-amyloid peptides, beta 1-42137
and beta 1-40, bound to C1q. Beta 1-42 bound more effectively to C1q than beta 1-40. C pathway activation138
impacted beta1-42 more so than did beta 1-40. This C-activating capacity appears correlated with the assembly139
of the beta 1-42 into aggregates and/or macromolecular fibrils. While these studies are not recent, they are140
important to mention because they helped establish the connection between beta amyloid, inflammation and141
complement, especially the classical C pathway [23].142

Beta-amyloid peptide is cleared from periphery by a complement-mediated mechanism that appears to be143
deficient in Alzheimer’s disease. The mechanism should be enhanced by beta-amyloid antibodies that form144
immune complexes (ICs) with A? and therefore may be relevant to current beta-amyloid immunotherapy145
approaches. Targeting peripheral mechanisms that may facilitate beta-amyloid clearance has the potential as146
immunotherapy to treat Alzheimer’s disease [24].147

Alzheimer’s disease appears to be associated with brain inflammation. Activated microglia are associated with148
brain lesions, which in turn, may also be involved with brain inflammation. Anti-inflammatory treatment may149
protect against AD, possibly through beta-amyloid mediated activation of the complement system. The activated150
complement system has antiinflammatory properties [25] and is highly involved in immune system homeostasis151
[26].152

It is known that complement protein C5a binds to and inhibits the receptor C5aR1. C5a inhibits pathology153
and AD cognitive deficits in AD mouse models. However, to be sure C5a acts via C5aR1 inhibition, C5aR1154
deficient mice were generated, and compared to wild type mice plaque load and behavioral assessments such as155
novel object recognition (NOR), hpc dependent and independent versions and object location memory (OLM),156
hpc dependent. [27] It is known that C5aR1 is expressed primarily on myeloid lineage cells, secondarily on157
brain and endothelial cells. Thus, gene expression was compared at 2, 5 ,7, and 10 months, across each158
genotype. [27] As stated, to accomplish this, C5aR1 knockout mice were crossed to the Arctic AD mouse.159
Hernandez et al. (2017) [27] found C5aR1 deficient mice did not show behavior deficits at 10 months, although160
amyloid plaque load was not altered. Of interest, there were no CCR2+ monocytes/macrophages near the161
plaques in the Arctic brain with or without C5aR1. To underscore this finding, the Arctic C5aR1KO mice162
showed a reduction of hippocampal neuron complexity and improved behavioral deficit. [27] RNA-sequence163
analysis showed inflammation related genes were differentially expressed and expression was increased in the164
Arctic mice relative to wild type. Expression was decreased in the Arctic/C5aR1KO relative to Arctic. In165
addition, phagosomal-lysosomal gene expression was increased in the Arctic mice relative to wild-type but this166
increase was even more prominent in the Arctic/C5aR1KO mice. In the Artic mice, aging was associated with167
reduced neuronal hippocampal complexity. This effect at 10 months was correlated to the observed behavioral168
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4 III. GENETIC AND BIOLOGICAL MARKERS IN

deficit. The reduction of neuronal complexity in hippocampus and the behavioral deficit were both rescued169
in Arctic/C5aR1KO. Neurofibrillary tangles aggregated from hyperphosphorylated tau protein cause significant170
pathology in AD. Complement C3 (or C3a) is linked to AD pathology. An important question is whether C3a171
or the C3a receptor is specifically tied to tau phosphorylation. In a recent study by Hu et al. (2019) [28],172
investigators found that exposing SH-SY5Y cells to okadaic acid (OA) decreased cell viability and induced tau173
hyperphosphorylation. The C3a receptor antagonist SB290157 blocked these effects. In addition, SB290157174
blocked the action of glycogen synthase kinase 3? (GSK3?) but did not affect protein phosphatase 2A C subunit175
(PP2Ac) and cyclin-dependent kinases 5 (CDK5). The authors concluded findings indicate the unique role C3a176
receptor plays in regulating tau phosphorylation via GSK3? signaling pathways and highlight C3a receptor as a177
potential target for treating AD [28].178

Complement pathway overactivation can lead to neuronal damage in various neurological diseases. Although179
AD is characterized by ? -amyloid plaques and tau tangles, previous work examining complement has largely180
focused on amyloidosis models. Wu et al. (2019) [29] find glial cells show increased expression of classical181
complement components and the central component C3 in mouse models of amyloidosis (PS2APP). More182
pronounced is tauopathy (TauP301S). Blocking complement function by deleting C3 rescues plaque-associated183
synapse loss in PS2APP mice and reduces neuron loss and brain atrophy in TauP301S mice. These changes184
were confirmed by improved neurophysiological and behavioral measurements. The authors state, C3 protein185
is elevated in AD patient brains, including at synapses. Processing of C3 is increased in AD patient CSF and186
correlate with tau. These results demonstrate that complement activation contributes to neurodegeneration187
caused by tau pathology and suggest that blocking C3 function might be protective in AD and other tauopathies188
[29].189

4 III. Genetic and Biological Markers in190

Alzheimer’s Disease191
Evidence indicates the APPSwDI/Nos2-/-( CVN-AD) mouse model replicates multiple AD pathologies [31].192

Badea et al. (2016) identified multivariate biomarkers that appear to predict cognitive decline. One of these193
biomarkers is the fornix. In vivo and ex vivo magnetic resonance imaging (MRI) reveals CVN-AD mice replicate194
the hippocampal atrophy (6%), characteristic of human AD. It has been shown the fornix is 23% smaller in these195
mice. This is important anatomically because the fornix connects the septum, hippocampus, and hypothalamus.196
Ultrastructural analysis has shown the fornix has reduced axonal density (47% fewer), axonal degeneration197
(13% larger axons), and abnormal myelination (1.5% smaller gratios) in these mice. CD68 staining showed198
that white matter pathology might not be the cause, instead could be secondary to neuronal degeneration.199
Alternatively, the authors state it could be due to direct microglial attack. Thus, the fornix provides multiple200
biomarkers to characterize circuit disruption in a mouse model of Alzheimer’s disease [31]. Deposition of tau201
and betaamyloid in the brain yields biomarkers that may be valuable. The core cerebrospinal fluid (CSF) AD202
biomarkers amyloid peptide 1-42 (A? 1-42), total tau (ttau) and phosphorylated tau 181 (p-tau 181) show good203
Synapse loss and Tau pathology are hallmarks of Alzheimer’s disease (AD) and other tauopathies, but how204
Tau pathology causes synapse loss is unclear. This study used unbiased proteomic analysis of postsynaptic205
densities (PSDs) in Tau-P301S transgenic mice to identify Tau-dependent alterations in synapses prior to overt206
neurodegeneration. Multiple proteins and pathways were altered in Tau-P301S PSDs, including depletion of207
a set of GTPase-regulatory proteins that leads to actin cytoskeletal defects and loss of dendritic spines. A208
striking accumulation of complement C1q in the PSDs of Tau-P301S mice and AD patients was observed. At209
synapses, C1q perisynaptic membranes accumulated in correlation with phospho-Tau and was associated with210
augmented microglial engulfment of synapses and decline of synapse density. A C1qblocking antibody inhibited211
microglial synapse removal in cultured neurons and in Tau-P301S mice, rescuing synapse density. Thus, inhibiting212
complement-mediated synapse removal by microglia could be a potential therapeutic target for Tau-associated213
neurodegeneration [30]. diagnostic sensitivity and specificity. [32] Regardless, more biomarkers that can help214
preclinical diagnosis or facilitate tracking disease progression are needed. Activation of the complement system,215
occurs at very early stages in the AD brain. Therefore, CSF levels of complement proteins could be linked to216
cognitive and structural changes in AD and may provide diagnostic and prognostic value. [32] xMAP® technology217
has been used to measure complement 3 (C3) and factor H (FH) in the CSF of human controls (CN), mild cognitive218
impairment (MCI) and AD subjects of the AD Neuroimaging Initiative (ADNI). [32] The association between219
CSF biomarkers and different outcome measures were analyzed using Cox proportional hazard models (conversion220
from MCI to AD), logistic regression models (classification of clinical groups) and mixedeffects models adjusted221
for age, gender, education, ttau/Beta-Amyloid1-42 and APOE 4 presence (baseline and longitudinal association222
between biomarkers and cognitive scores). Although no association was found between the complement proteins223
and clinical diagnosis or cognitive measures in this particular study, lower levels of C3 and FH were associated with224
faster cognitive decline in MCI subjects as measured by the AD Assessment Scale-cognitive subscale (ADAS-Cog)225
test according to study authors. FH levels were associated with larger lateral ventricular volume (p = 0.024),226
indicating potential brain atrophy. Toledo et al. (2014) conclude C3 and FH are not good diagnostic biomarkers227
of AD but might have modest potential as prognostic biomarkers and therapeutic targets in cognitively impaired228
patients. Low levels of cerebrospinal fluid complement 3 and factor H predict faster cognitive decline in mild229
cognitive impairment [32]. Patients diagnosed with MCI may exhibit significant behavioral and psychological signs230
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and symptoms (BPS), symptoms also frequently observed in patients with Alzheimer’s disease (AD). A recent231
study by Pocnet et al (2015) [33] evaluated the extent and variability of BPS in MCI vs AD, with the intent232
of providing an additional marker that may predict conversion from MCI to AD. Global cognitive performance,233
BPS, and ADL were assessed using validated clinical methods at baseline and at two-year follow-up in 46 MCI234
patients, 54 AD subjects and 64 controls. The BPS variability over the follow-up period was more pronounced in235
the MCI group than in patients with AD: some BPS improved, others occur developed or worsened, while others236
still remain unchanged. [33] Changes in BPS were associated with rapid deterioration of the global cognitive237
level in MCI patients. In particular, an increase of euphoria, eating disorders, and aberrant motor behavior, as238
well as worsened sleep quality, predicted a decline in cognitive functioning. Results from this study confirm MCI239
patients have a higher variability of BPS over time compared to AD patients. In addition, there is evidence240
of associations between specific BPS and cognitive decline in the MCI group associated with a potential risk of241
conversion for individuals with amnestic MCI to AD [33].242

Another study, which evaluated potential novel protein biomarkers for MCI progression to AD, found that243
Chromogranin A, secretogranin II, neurexin 3, and neuropentraxin 1 were elevated in MCI patients and MCI244
patients progressing towards AD. Duits and colleagues (2018) [34] concluded that these proteins which are involved245
in vesicular transport and synaptic stability may participate in early phases of the AD pathophysiological cascade246
[34]. Cognitive and functional decline in betaamyloid positive preclinical AD patients has been compared to247
prodromal AD subjects (beta-amyloid positive, MCI) patients. These subjects were compared to MCI patients248
with no existing Beta-amyloid status. Patients were followed for an average of 4 years, and a maximum of249
10 years. Preclinical AD subjects showed steeper declines in brain metabolism than beta-amyloid negative250
progressors. ??nsel et al. (2017) [35] found preclinical AD subjects also showed elevated rates of white matter251
hyperintensity and increased CSF phosphorylated tau levels at baseline. In this particular study, A?-negative252
progressors displayed greater baseline frequency of depressive symptoms. [35].253

Evidence of blood-based biomarkers for cognitive decline in aging, (MCI) and (AD) has been sparse.254
Cumulative evidence suggests that apolipoproteins, complement system, and transthyretin are involved in255

AD pathogenesis by sequestration of beta amyloid. However, no clinical study assesses the utility of ”sequester256
proteins” in risk assessment and/or diagnosis of MCI and AD.257

Serum levels of sequester proteins and their clinical potential in cognitive decline assessment were analyzed by258
a recent longitudinal and cross-sectional study by Uchida and colleagues [36]. A combination of apolipoprotein259
A1, complement C3, and transthyretin appear to be involved in AD possibly by sequestration of beta-amyloid.260
These proteins also appear to differentiate MCI subjects from healthy controls. The authors conclude a set of261
sequester proteins could be bloodbased biomarkers for assessment of early stages of cognitive decline [36].262

Previous studies have shown that beta amyloid peptide (AB) is cleared by a complement-mediated process263
from the peripheral circulation, and that this process is deficient in Alzheimer’s disease. The process may be264
enhanced by beta-amyloid antibodies that form immune complexes (ICs) with beta amyloid. In turn, providing265
improvements to current beta amyloid immunotherapy approaches. Recent studies demonstrated complement-266
mediated capture of beta amyloid-antibody immune complexes compared with beta-amyloid alone in both267
erythrocytes and THP1derived macrophages. [24] Beta amyloid antibodies dramatically increased complement268
activation and269
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followed by enhanced beta amyloid capture by human erythrocytes and macrophages. The present study strongly273
suggests that peripheral mechanisms are relevant to beta amyloid immunotherapy. Findings are also consistent274
with enhanced peripheral clearance of intravenously administered beta-amyloid antibody immune complexes in275
nonhuman primates. [24].276

IV.277

6 MCI Conversion to AD278

Alzheimer’s disease (AD) is characterized by the deposition of tau and amyloid in the brain. While core279
cerebrospinal fluid (CSF) AD biomarkers beta amyloid peptide 1-42, total tau (t-tau) and phosphorylated280
tau 181 (p-tau 181) show good diagnostic sensitivity and specificity, these biomarkers alone don’t adequately281
address preclinical diagnosis or disease progression. Complement system-initiated inflammation occurs at very282
early stages in the AD brain. Therefore, complement proteins found in CSF, could be linked to cognitive and283
structural changes in AD and may have diagnostic and prognostic value.284

As stated previously, Toledo et al. ( ??014) determined compliment factors 3 & H may not be suitable markers285
for identifying AD, but these factors may potentially predict rapidity of MCI individuals cognitive decline [37].286

MCI represents an early stage of developing cognitive impairment, however there is some consensus that287
not all MCI patients necessarily progress to AD. Patients diagnosed with MCI do not meet the criteria for288
dementia as their cognitive abilities and activity levels exceed those of demented individuals. Minor changes in289
instrumental activities of daily living (ADL) may occur. In some cases, they may exhibit significant behavioral290
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6 MCI CONVERSION TO AD

and psychological signs and symptoms (BPS), also frequently observed in patients with Alzheimer’s disease (AD).291
In this study, investigators evaluated the extent to which specific BPS are associated with cognitive decline in292
participants with MCI or AD. 164 participants were categorized; 46 patients with amnestic (single or multidomain)293
MCI, 54 patients with AD, and 64 control participants without cognitive disorders. Global cognitive performance,294
BPS, and ADL were assessed using validated clinical methods at baseline and at two-year follow-up. The BPS295
variability over the follow-up period was more pronounced in the MCI group than in patients with AD: some296
BPS improve, others occur newly or worsen, while others still remain unchanged. Moreover, specific changes in297
BPS were associated with a rapid deterioration of the global cognitive level in MCI patients. In particular, an298
increase of euphoria, eating disorders, and aberrant motor behavior, as well as worsened sleep quality, predicted299
a decline in cognitive functioning.300

Findings confirm a higher variability of BPS over time in the MCI group than in AD patients. Pocnet and301
colleagues [33] state this could be due to differences in baselines as some in the MCI group may have been only302
marginally impaired. Results provide evidence of associations between specific BPS and cognitive decline in the303
MCI group that might suggest a risk of conversion of individuals with amnestic MCI to AD [33].304

Identification of specific tests providing a high certainty for stable MCI and factors that precipitate instability305
of MCI could provide greater sensitivity towards detecting and following progression of AD [38].306

Ellendt and colleagues (2016) tested 130 participants annually using a test battery that included measures of307
memory, language, executive functions, intelligence and dementia screening tests. Exclusion criteria at baseline308
included severe cognitive deficits such as diagnosis of dementia, psychiatric or neurological disease. Regression309
and Receiver Operating Characteristic (ROC) curve analysis was used to identify potential predictors for stability310
or instability of MCI-diagnosis. Age, IQ and APOE status were evaluated using of test performance tests and311
group membership. MCI (49%) was observed at baseline with a reversion rate of 18% after two years. Stability312
of MCI was related to (VLMT: delayed recall, CERAD: recall drawings, CERAD: Boston Naming Test, Benton313
Visual Retention Test: number of mistakes). Conversion to MCI is associated with language functions. Reversion314
to ’normal’ was primarily predicted by single domain impairment. There was no significant influence of variables315
such as demographic, medical or genetic. The results of this study underscore the role of repeated measurements of316
functional neuropsychological predictors and the need for better diagnostic reliability. In cases of high uncertainty,317
close monitoring over time is mandatory to more closely estimate outcome. [38] In another study attempting318
to define the relationship between MCI and AD, investigators developed a multivariate model for predicting319
MCI-todementia progression at the individual patient level. [39] Using baseline data from 259 MCI patients and320
a probabilistic pattern classification approach, Korolev et. al. (2016) trained a classifier to distinguish between321
patients who did or did not progress to AD-type dementia during over a three-year period. More than 750322
variables across four data sources were evaluated as potential progression predictors. Data included risk factors,323
cognitive and functional assessments, structural magnetic resonance imaging (MRI) data, and plasma proteomic324
data. Predictive utility was cross validated.325

Cognitive and functional markers most strongly predicted progression while plasma proteomic markers did not326
predict as well [39]. The best performing model predicted at 80% using a combination of cognitive/functional327
markers and morphometric MRI measures. Predictors of progression included scores on the Alzheimer’s Disease328
Assessment Scale, Rey Auditory Verbal Learning Test, and Functional Activities Questionnaire, as well as329
volume/cortical thickness of three brain regions (left hippocampus, middle temporal gyrus, and inferior parietal330
cortex). The study authors state calibration analysis revealed that the model is capable of generating probabilistic331
predictions that reliably reflect the actual risk of progression. Finally, the authors found that the predictive332
accuracy of the model varied with patient demographic, genetic, and clinical characteristics and could be further333
improved by taking into account the confidence of the predictions. In this case, we see the development of334
an accurate prognostic model for predicting MCI-to-dementia progression over a three-year period. The model335
utilizes available, cost-effective, non-invasive markers and can be used to improve patient selection in clinical336
trials and identify high-risk MCI patients for early treatment [39].337

Microarray screening in human dentate gyrus, using entorhinal cortex expression levels, has been used to338
differentiate age-related memory loss from AD. Using this technique, Kandle and colleagues (2013) have shown339
an aged related decline in the histone acetylation regulatory molecule RbAp48. This deficiency occurs in both340
human and mice that age normally [40]. This provides more evidence that MCI may not be simply early stage341
AD and may not convert to AD in all cases, even if given enough time.342

Morgan et. al (2019) reviewed 53 plasma proteins obtained from control, MCI and AD groups [41]. Ten343
of these showed significant differences between groups. Using pairwise comparisons of AD vs CTL, they found344
increased C4 and eotaxin-1, decreased sCR1, C5, and CRP and for MCI vs CTL they found increased FH,345
C3, and MCP-1, decreased C5 and MIP-1b. For the AD vs MCI comparison, they found increased eotaxin-1346
and MIP-1b, decreased FI, C3, CRP, MCP-1. These findings increase the knowledge about potentially useful347
biomarkers that may predict conversion to MCI and AD.348

Another recent study by Helgadottir et al. (2019) evaluated CD55 and its upstream transcription factors in349
the temporal cortex of a Late Onset Alzheimer’s disease (LOAD) patient compared to an early onset (EOAD)350
patient [42]. To date, sequencing has focused primarily on germline mutations. Improved technology has created351
opportunities to study somatic mutations in brain tissue that shows pathology. This current study used ultra-352
deep sequencing on brain and blood from early-onset AD (EOAD) and late-onset AD (LOAD) patients and353
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non-AD individuals (n = 16). 2.86 Mb of genomic areas that have been associated with AD, were targeted. This354
included 28 genes and upstream and downstream regulatory areas. Bioinformatics filtering identified 11 somatic355
single nucleotide variants in temporal cortex of AD patients. In contrast, there were none in the controls. In a356
LOAD patient, one variant was present at 0.4% allele frequency in temporal cortex. This variant was predicted to357
affect transcription factor binding sites upstream of the CD55 gene, contributing to AD pathogenesis by affecting358
the complement system. These results suggest that future studies targeting larger portions of the genome may359
increase understanding for the molecular basis of both EOAD and LOAD [42].360

Another recent study by Han and colleagues (2018) tying the complement system to AD was designed to361
identify and characterize novel AD drug target genes. This study employed a combinatorial approach for the first362
time to discover AD drug targets. Investigators did this by considering ontology inference and network analysis.363
Potential AD drug target genes were discovered by integrating information from multiple popular databases364
(TTD, Drug Bank, Pharm GKB, AlzGene, and BioGRID). Enrichment analyses of the identified drug targets365
genes based on nine well-known pathway-related databases were conducted.366

Eighteen potential drug target genes were identified, and thirteen of them had been reported to be closely367
associated with AD. Enrichment analyses of these identified drug target genes, based on nine pathway-related368
databases, revealed that four of those identified drug target genes are involved in the classical complement369
pathway and the process of presenting antigens [43].370

Results suggested the combinatorial approach, and the remaining five new targets could enrich our understand-371
ing of AD pathogenesis and drug discovery. Moreover, this study supported validity of the combinatorial approach372
integrating ontology inference with network analysis in the discovery of novel drug target for neurological diseases373
[43].374

V.375

7 Microglia, Astrocytes and Mitochondria376

Cyclophilin D (CypD) is a mitochondria-specific cyclophilin that plays a pivotal role in the formation of377
the mitochondrial permeability transition pore (mPTP). The formation and opening of the mPTP disrupts378
mitochondrial homeostasis, causes mitochondrial dysfunction and eventually leads to cell death. Several recent379
studies have found that CypD promotes the formation of the mPTP upon binding to A? peptides inside brain380
mitochondria, suggesting that neuronal CypD has a potential to be a promising therapeutic target for Alzheimer’s381
disease [44].382

In this study, researchers generated an energybased pharmacophore model by using the crystal structure of383
CypD-cyclosporine A (CsA) complex and performed virtual screening of the ChemDiv database, which yielded384
forty-five potential hit compounds with novel scaffolds. Investigators tested compounds using mitochondrial385
functional assays in neuronal cells and identified fifteen compounds with excellent protective effects against386
A?-induced mitochondrial dysfunction. To validate whether these effects were derived from binding to CypD,387
surface plasmon resonance (SPR)based direct binding assays with selected compounds were done. Investigators388
discovered compound 29 was found to have the equilibrium dissociation constants (KD) value of 88.2 nM. This389
binding affinity value and biological activity corresponds to the predicted binding mode. The authors conclude390
that this study offers new insights into the rational design of small molecule CypD inhibitors and provides a391
promising lead for future therapeutic development [44].392

In addition to amyloid-beta plaque and tau neurofibrillary tangle deposition, neuroinflammation is considered393
a key feature of Alzheimer’s disease pathology. Inflammation in Alzheimer’s disease is characterized by the394
presence of reactive astrocytes and activated microglia surrounding amyloid plaques, implicating their role in395
disease pathogenesis. Microglia in the healthy adult mouse depends on colonystimulating factor 1 receptor396
(CSF1R) signaling for survival, and pharmacological inhibition of this receptor results in rapid elimination of397
nearly all of the microglia in the central nervous system. In this study by ??pangenberg & colleagues (2016)398
[45], investigators wished to determine if chronically activated microglia in the Alzheimer’s disease brain are399
also dependent on CSF1R signaling, and if so, how microglial cells contribute to disease pathogenesis. Ten-400
month-old 5xfAD mice were treated with a selective CSF1R inhibitor for 1 month. This resulted in elimination401
of approximately 80% of microglia. Chronic microglial elimination did not alter amyloid-beta levels or plaque402
load; however, elimination did reduce dendritic spine loss and prevent neuronal loss in 5xfAD mice, as well as403
reduce overall neuroinflammation. Importantly, behavioral testing revealed improvements in contextual memory.404
Collectively, these results demonstrate that microglia contribute to neuronal loss, as well as memory impairments405
in 5xfAD mice, but do not mediate or protect from amyloid pathology [45]. Activated microglia are classified into406
two specific states: classically activated (M1) and alternatively activated (M2) subtypes. Polarization of M1/M2407
phenotype plays an important role in Alzheimer’s disease (AD). However, the mechanisms regulating this process408
remain unclear. In this study, investigators tried to determine the role of milk fat globule epidermal growth409
factor 8 (MFG-E8). MFG-E8 is a unique protein which can bind to microglia and regulate its inflammatory410
responses. It is speculated that MFG-E8 may play a role in the balance of microglial polarization. Here, fibril411
amyloid beta-42 was used in vitro to stimulate mouse primary microglial cultures. Study authors found M1412
marker expression, along with retained M2 marker production. It was determined that MFG-E8 pretreatment413
reversed the increased trend of M1 markers and the decreased expression of M2 markers, which were induced414
by A? 42. Moreover, MFG-E8 effects could be effectively blocked by an MFG E8 antibody. Further analysis415
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on the signaling pathways showed that NF-”B upregulation and Akt downregulation in microglial cultures were416
observed after A? 42 incubation. The alteration of these pathways could also be reversed by MFG-E8 [45]. Next,417
investigators evaluated the effects of NF-”B and PI3K-Akt on M1/M2 alteration using their specific inhibitors.418
Pyrrolidine dithiocarbamate, a NF-”B inhibitor, inhibited M1 marker expression; moreover, LY294002, an Akt419
inhibitor, enhanced M1 marker expression. It appears MFG-E8 plays a regulatory role of microglia M1/M2420
alteration providing a basis for understanding the potential role of microglia activation in AD [46].421

Recent genetic evidence from Czirr et al. (2017) [47] supports a link between microglia and the complement422
system in Alzheimer’s disease (AD). Here, investigators uncovered a novel role for the microglial complement423
receptor 3 (CR3) in the regulation of soluble beta-amyloid clearance, independent of phagocytosis. Unexpectedly,424
ablation of CR3 in human amyloid precursor protein-transgenic mice results in decreased, rather than increased,425
beta-amyloid accumulation. In line with these findings, cultured microglia lacking CR3 are more efficient than426
wild type at degrading extracellular beta amyloid by secreting enzymatic factors, including tissue plasminogen427
activator. Furthermore, in-vivo microdialysis showed a small molecule modulator of CR3 reduces soluble A? levels428
and A? half-life in brain interstitial fluid (ISF), These results suggest that CR3 limits beta amyloid clearance429
from the (ISF) illustrating a novel role for CR3 and microglia in brain A? metabolism and defining a potential430
new therapeutic target in AD [47].431

Neuroinflammation is clearly associated with AD pathology, however its role in disease progression is432
unclear. The authors that review this topic state evidence suggests that A? complexes interact with microglial433
and astrocytic pattern recognition receptors that initiate immunity. This process involves secretion of pro-434
inflammatory cytokines, chemokines and generation of reactive oxygen species that, in excess, drive a dysregulated435
immune response that contributes to neurodegeneration. A neuroinflammatory response involving microglial436
activity, enhanced astrocyte reactivity and elevated pro-inflammatory cytokine and chemokine load has long437
been implicated in AD and proposed to facilitate neurodegeneration. [48].438

Inflammatory components related to AD neuroinflammation include brain microglia and astrocytes, the439
complement system, as well as cytokines and chemokines. Cytokines play a key role in inflammatory and anti-440
inflammatory processes in AD. An important factor initiating the inflammatory process is the overexpression of441
interleukin (IL)-1. Other important cytokines in neuroinflammation are IL-6 and tumor necrosis factor (TNF)-?.442
By contrast, other cytokines such as IL-1 receptor antagonist (IL-1ra), IL-4, IL-10, and transforming growth factor443
(TGF)-? can suppress both proinflammatory cytokine production and their action, subsequently protecting the444
brain. Treatment with nonsteroidal anti-inflammatory drugs (NSAIDs) decreases AD risk. according to basic445
research findings. Unfortunately, clinical trials of NSAIDs in AD patients have not provided much insight.446
Proinflammatory responses may be attenuated by polyphenols. Polyphenol supplementation may provide an447
alternative to treating A? [49].448

Microglia modulate synaptogenesis and help repair damage from injury, by restoring neuronal connections.449
They also release cytokines, which in turn modulate synaptic transmission and potentially restore damaged450
dendritic spines. This suggests that the microglia could play a prominent role in learning and memory [50]. Thus,451
the compliment system appears to play many roles in the healthy and diseased brain. Recent evidence shows452
the complement system is involved with much more than just inflammation but appears to be is involved with453
regulation of synapse population, during development, normal aging and disease states such as Alzheimer’s disease454
and schizophrenia. It has been shown that complement is directly involved with synapse tagging and elimination455
or synaptic pruning. In a mouse model of glaucoma, Stevens et al. (2007) demonstrated the complement protein456
C1q, is expressed by postnatal neurons in response to immature astrocytes [ ??1 52].457

The complement cascade provides protection from infection as well as destructive inflammation, as stated458
above. Complement participates in elimination of neuronal synapses which is essential for proper development.459
However, elimination of synapses can be detrimental during aging and disease. C1q, required for several of these460
complement-mediated activities. It is present in the neuropil, microglia, and a subset of interneurons in the461
brain. [53] To identify the source(s) of C1q in the brain, investigators selectively inactivated the C1qa gene in462
the microglia or Thy-1+ neurons in both wild type mice and a mouse model of Alzheimer’s disease (AD). C1q463
synthesis was assessed by immunohistochemistry, QPCR, and western blot analysis.464

While C1q expression in the brain was unaffected after inactivation of C1qa in Thy-1+ neurons, the brains465
of C1qaFL/FL: Cx3cr1CreERT2 mice in which C1qa was ablated in microglia lacked C1q with the exception466
of limited C1q in subsets of interneurons. The study authors stated ”this loss of C1q was surprising since467
it occurred even in the absence of tamoxifen by 1 month of age”. This demonstrated that Cre activity468
is tamoxifen-independent in microglia in Cx3cr1CreERT2/ WganJ mice. C1q expression in C1qaFL/FL:469
Cx3cr1CreERT2/WganJ mice continued to decline through aging and in AD model mice. No difference in470
C1q was detected in the liver or kidney from C1qaFL/FL: Cx3cr1CreERT2/WganJ mice relative to controls, and471
C1qaFL/FL: Cx3cr1CreERT2/WganJ mice had minimal, reduction in plasma C1q.472

It was concluded that microglia, but not neurons or peripheral sources, are the dominant source of C1q in the473
brain [53]. While demonstrating that the Cx3cr1CreERT2/WganJ mice cannot be used for adultinduced deletion474
of microglia genes the model described enables further investigation of physiological roles of C1q in the brain475
and identification of therapeutic targets for the selective control of complementmediated activities contributing476
to neurodegenerative disorders [53].477

A prominent attribute of AD pathogenesis is neuroinflammation. Over-expression of complement proteins478
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co-localizes with neurofibrillary tangles, thereby indicating that a complement system may be involved in479
neuroinflammation. The authors of the current study suggest this demonstrates, using a microglial cell line,480
complement activation influences neuroinflammation.481

The authors determined the expression levels of the pro-inflammatory factor’s TNF-?, IL-1?, and IL-6 and482
explored whether the neuroinflammatory response, caused by AB 42 treatment of BV-2 cells, was mediated by483
JAK/ STAT3 signaling [54].484

C5a had an enhanced effect on the neural cell viability of BV-2 cells treated with A?42. In addition, C5a485
increased the A?-induced neuro-inflammatory response, and these effects were blocked by the C5aR antagonist,486
PMX205. The neuroinflammatory responses induced by A? and C5a were mediated through JAK/STAT3487
signaling. By blocking this pathway with an antagonist, AG490, the expression of TNF-?, IL-1?, and IL-6 was488
also blocked. Thus, the complement protein C5a could exaggerate the A?-induced neuroinflammatory response489
in microglia. The study authors conclude C5aR may be a potential therapeutic tool for AD treatment. [54] The490
neurogenic process, consisting of the proliferation, differentiation and maturation of neural stem cells (NSC),491
is regulated via epigenetic mechanisms by controlling the expression of specific sets of genes. This topic is492
reviewed by Li et al. ( ??016), [55]. They reiterate the pathology of AD, due to impairments in epigenetic493
mechanisms, the generation of neurons from NSCs is damaged, which exacerbates the loss of neurons and the494
deficits in learning and memory function associated with AD. Based on neurogenesis, a number of therapeutic495
strategies have shown capability in promoting neuronal generation to compensate for the neurons lost in AD,496
thereby improving cognitive function through epigenetic modifications. This provides potential for the treatment497
of AD by stimulating neurogenesis using epigenetic strategies. The epigenetics of AD and adult neurogenesis may498
provide therapeutic strategies for AD [55]. Alzheimer’s disease markers beta-amyloid plaques and neurofibrillary499
tangles composed of A? peptides and abnormally hyperphosphorylated tau protein are tightly correlated with500
AD. However, synaptic loss may be a better correlate of cognitive impairment in AD than beta-amyloid or tau501
pathologies. Thus, one strategy for AD is to shift the balance from neurodegeneration to neuroregeneration and502
synaptic repair. Kazim & Iqbal (2016) state ”neurotrophic factors, by virtue of their neurogenic and neurotrophic503
activities, have potential for the treatment of AD”. But therapeutic use of recombinant neurotrophic factors is504
limited because of the unfavorable pharmacokinetic properties, poor blood-brain barrier (BBB) permeability,505
and adverse effects. Neurotrophic factor small-molecule mimetics, offer a potential strategy to improve these506
limitations and have shown promise in preclinical studies. Neurotrophic factor small-molecule mimetics do show507
promise for AD drug development [56].508

8 Medical Research509

The ciliary neurotrophic factor (CNTF) smallmolecule peptide mimetic, Peptide 021 (P021) has also received510
attention as a potential AD therapeutic. P021 is a neurogenic and neurotrophic compound which enhances dentate511
gyrus neurogenesis and memory processes via inhibiting leukemia inhibitory factor (LIF) signaling pathway and512
increasing brain-derived neurotrophic factor (BDNF) expression. It inhibits tau abnormal hyperphosphorylation513
by enhancing BDNF mediated decrease in glycogen synthase kinase-3 (GSK-3B, major tau kinase) activity. P021514
is a small molecular weight, BBB permeable compound with suitable pharmacokinetics for oral administration.515
It also lacks adverse effects associated with the native CNTF or BDNF molecule. P021 has shown beneficial516
therapeutic effect in several preclinical studies and has emerged as a promising compound for AD drug517
development [56].518

The practical pharmacogenetics of AD is limited to acetylcholinesterase inhibitors (AChEIs) and memantine.519
However, pharmacogenetic procedures should be applied to novel strategies in neurotransmitter regulators, anti-520
A? treatments, anti-tau treatments, pleiotropic products, epigenetic drugs and combination therapies. Over 60%521
of AD patients pathologies demand additional treatments which increase the likelihood of drug-drug interactions.522
Lipid metabolism dysfunction is common to AD neurodegeneration. The therapeutic response to hypolipidemic523
compounds is influenced by the APOE and CYP genotypes. It is paramount that the development of novel524
compounds and the use of combination/multifactorial treatments avoids adverse drug reactions and optimizes525
therapeutic potential [57].526

There has been little success targeting the neurodegenerative aspect of AD. This failure has created interest in527
neuroregeneration and neural stem cells (NSCs) regeneration. Small molecules offer much potential to manipulate528
NSCs, and provides therapeutic tools that may prove very useful. Classically, these molecules have been generated529
either by target-based or phenotypic approaches. To circumvent specific liabilities, development of nanomedicines530
may offer a viable alternative.531

Recent examples that could accelerate development of neuroregenerative drugs against Alzheimer’s disease are532
reviewed by Uliassi et al. ( ??017) [58].533

Novel approaches to AD therapy also include Rho-associated protein kinase (ROCK), a serinethreonine kinase534
originally identified as a crucial regulator factin cytoskeleton. Recent studies have defined ROCK as a critical535
component of diverse neuronal signaling pathways. Inhibition of ROCK causes several biological events such536
as increase of neurite outgrowth, axonal regeneration, and activation of prosurvival Akt. ROCK is a promising537
therapeutic target for the treatment of neurodegenerative disorders including Alzheimer disease, Parkinson’s538
disease, Huntington’s disease, multiple sclerosis, and amyotrophic lateral sclerosis [59].539
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9 VI.540

10 Synaptic Density, Tagging and Pruning541

Complement protein C1q is localized to synapses in the postnatal CNS and the retina [51]. Importantly, C1q and542
(downstream) C3 deficient mice express major deficits in CNS synaptic elimination as shown by excess retinal543
innervation. C1q is localized to synapses during synaptic pruning that occurs in the developing retina and brain.544
Further experiments by the Steven’s lab (Shi et al. 2015) on aged C3 deficient (KO) mice found an additional545
role of C3 for synaptic maintenance. In hippocampal region CA3, the investigators found aged wild type (WT)546
mice had showed synaptic loss while the C3 KO animals did not have such loss. In aged WT mice, synaptic loss547
in CA3 was followed by neuronal loss. Electrophysiology and behavior studies reinforce the loss of CA3 synapses548
in aged WT mice. ??60] [21].549

Steven’s lab found, relative to aged WT animals, aged C3 KO mice exhibited enhanced LTP, suggesting550
greater synaptic activity and connectivity. In addition, aged WT mice differed in learning and memory as well as551
behavior. WT mice were more anxious than C3 KO mice on the plus maze. Finally, CA3 KO mice demonstrated552
better memory in the water T-maze than aged WT mice, but only upon a test of reversal learning. C3 KO mice,553
in addition, showed superior context fear conditioning memory, a hippocampal dependent task, during normal554
aging. In this study, it appears that complement protein C3 or any downstream signaling, may be harmful to555
synapses in specific brain regions [21].556

It is well established that synapse loss is observed in Alzheimer’s disease and corresponds to cognitive decline.557
In an Alzheimer’s disease mouse model that incorporates beta-amyloid injections to model the disease, C1q558
is increased and is associated with synapses before amyloid plaques develop, [61]. Inhibition of C1q or C3559
reduces both microglia and early synapse loss. In order for beta-amyloid to create toxicity, C1q must be present.560
Activation errors of the complement dependent pathway and microglia may mediate synapse loss in Alzheimer’s561
disease. Additional studies have identified other complement proteins as mediators of synaptic elimination.562
Complement protein C4A and C4B have also been linked to synaptic elimination or pruning [62].563

Increased complement protein C4 has been observed in previous studies. C4 has two isoforms which are564
encoded by genes C4A and C4B. AD patients tested for these isoforms, show increased C4A and C4B copy565
numbers and increased C4 protein expression. This observation suggests C4A and C4B may be possible risk566
factors for AD [63]. In addition to mediating synapse elimination in the developing CNS, C1q has also been567
found to increase dramatically (300-fold) in the aged mouse and human [65].The localization of C1q to synapses568
observed by Steven’s et al. ( ??007) has also been observed by Stephan et al. (2013) [64].569

Inhibition of the complement pathway via viable complement inhibitors may offer a new strategy to attack570
Alzheimer’s disease. The complement system’s role in learning and memory is becoming a topic of much interest.571
Irradiation of the hippocampal granule cell layer, attenuates neural progenitor differentiation, presumably due to572
induced inflammation. To investigate the roles of C3, young C3 -/-mice were subject to irradiation and compared573
to wild type mice. Once recovered, the C3-/-mice showed 55% more microglia, and tended to demonstrate more574
proliferating cells in the GCL than WT mice. These results apparently influenced future learning capacity as575
adult C3-/-mice showed better place learning than WT. Further experiments by the Steven’s lab on aged C3576
deficient (KO) mice found an additional role of C3 for synaptic maintenance [21].577

Understanding spine dynamics further increases understanding of AD cognitive impairment and dementia.578
Recent studies tracking both spines and synaptic markers in vivo reveal that 20% of spines lack PSD-95 and are579
short lived. Although they account for most spine dynamics, Berry & Nedvivi (2017) [65] state their remodeling is580
unlikely to impact long-term network structure. The synaptic tagging and capture (STC) hypothesis has opened581
new areas of research on how activity-dependent gene products may interact with potentiated synapses maintain582
long-lasting synaptic plasticity. One candidate in this process is Arc/arg3.1, initially assumed to participate583
in STC processes during LTP. Accumulating evidence indicates that Arc/arg3.1 might rather contribute in584
weakening of synaptic weights than in their strengthening [65].585

Long-lasting forms of synaptic plasticity such as long-term potentiation (LTP) and long-term depression (LTD)586
underlie learning and memory. Although Arc/arg3.1 was initially assumed to participate in the STC processes587
during LTP, accumulating evidence indicates Arc/arg3.1 might weaken rather than strengthen synaptic weights588
[66].589

In particular, analyses of Arc/Arg3.1 protein dynamics and function in the dendrites after plasticityinducing590
stimuli have revealed a novel form of inactivitydependent redistribution of synaptic weights, known as ”inverse591
synaptic tagging.” The original synaptic tagging and inverse synaptic tagging likely co-exist and are mutually592
non-exclusive mechanisms, which may help coordinate the redistribution of synaptic weights and promote the593
enhancement and maintenance of their contrast between potentiated and non-potentiated synapses during the594
late phase of long-term synaptic plasticity. Arc/Arg3.1, an immediate early gene product which is captured and595
preferentially targeted to nonpotentiated synapses, may provide insight into synaptic tagging and AD according596
to Okumo et al. (2017) [66].597

Recently, it has been shown that the G9a/GLP complex promotes long-term potentiation (LTP) and its598
associative mechanisms such as synaptic tagging and capture (STC) [67]. The mechanics of this process are not599
understood. Regulation of G9a/GLP complex by inhibiting its catalytic activity reverses the amyloid-? oligomer-600
induced deficits in late-LTP and STC. The authors of this study suggest this reversal is achieved by releasing601
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the transcription repression of the brainderived neurotrophic factor (BDNF) gene. Catalytic inhibition of the602
G9a/GLP complex leads to BDNF expression upregulation in brain slices treated with oA?. This inhibition of the603
G9a/GLP complex ensures the availability of BDNF that subsequently binds its receptor tyrosine kinase B (TrkB)604
and maintains the late-LTP. Furthermore, the capture of BDNF by weakly activated synapses re-establishes STC.605
Sharma et al. (2017) [67] conclude reinstatement of functional plasticity and associativity in AD-like conditions606
provide the first evidence for the role of G9a/GLP complex in AD. Investigators propose G9a/GLP complex as607
the possible target for preventing oA?-induced plasticity deficits in hippocampal neurons [67].608

Another method for modulating long-lasting forms of memory and synaptic plasticity is by suppressing609
microRNA-mediated translational silencing at activated synapses through translin/trax. Mice that lack610
translin/trax have defective synaptic tagging. An absence of translin/trax prevents post learning upregulation611
of the protein ARCR1C. In mice lacking translin/trax, long term memory deficits are also induced by inhibiting612
ARCR1 [68]. Recent reports indicate adeno-associated virus (AAV1 and AAV9) exhibit anterograde transsynaptic613
spread properties. AAV1-Cre from transduced presynaptic neurons effectively and specifically drove CRE-614
dependent transgene expression in selected postsynaptic neuronal targets, and thus allowed the tracing and615
functional manipulation of axonal projections from the latter input-defined neuronal population. Application of616
this tool in superior colliculus (SC) revealed that SC neuron subpopulations receiving corticocollicular projections617
from auditory and visual cortex specifically, drove flight and freezing, two different types of defense behavior,618
respectively. [69] Such anterograde transsynaptic tagging is thus useful for forward screening of distinct functional619
neural pathways embedded in complex brain circuits [68] [69].620

Recent research indicates that a novel class of signaling molecules, the inositol pyrophosphates, act as energy621
sensors. These signaling molecules can alter the balance between mitochondrial oxidative phosphorylation and622
glycolytic flux, affecting ATP at a cellular level. Neuronal inositol pyrophosphate synthesis relies on the activity623
of the neuron enriched inositol hexakisphosphate kinase 3 (IP6K3) enzyme. In this particular study, investigators624
tried to verify an involvement of inositol pyrophosphate signaling in neurodegenerative disorders, by tagging single625
nucleotide polymorphism (SNP) analysis of the IP6K3 gene in patients with familial and sporadic late onset626
Alzheimer’s disease (LOAD). Two SNPs in the 5’-flanking promoter region of the IP6K3 gene were associated627
with sporadic LOAD. Assessing the functionality of the two polymorphisms by luciferase assay revealed that628
one of them (rs28607030) affects IP6K3 promoter activity. In this case the activity of the G allele increased.629
As the same allele may reduce disease risk, it may be related to upregulation of IP6K3 expression, consequently630
increasing inositol pyrophosphate synthesis. The authors of the study conclude this is the first evidence of genetic631
variability in the IP6K3 gene altering LOAD pathogenesis [70].632

Research implicates the classical complement cascade in normal brain development and in disease. Complement633
proteins C1q, C3, and C4 participate in synapse elimination, tagging inappropriate synaptic connections634
between neurons for removal by phagocytic microglia. Neurodevelopmental disorders, such as schizophrenia635
and autism, are thought to be caused by an imbalance in synaptic pruning, and recent studies suggest that636
dysregulation of complement could promote this synaptic pruning imbalance [71].Moreover, in the mature brain,637
if complement is mistakenly activated to stimulate synapse loss, neurodegenerative diseases may result. Similar638
pathways can also be activated in response to inflammation, as in West Nile Virus infection or in lupus, where639
peripheral inflammation can promote microglia-mediated synapse loss. Whether synapse loss in disease is a true640
reactivation of developmental synaptic pruning programs remains unclear; nonetheless, complement proteins641
represent potential therapeutic targets for both neurodevelopmental and neurodegenerative diseases. Inhibition642
of the complement system, at specific neurodegenerative stages, could prove to be a viable therapy for AD and643
schizophrenia [71].644

Microglia are glial cells in the central nervous system (CNS) that have well-known roles in neuronal immune645
function, responding to infections and brain injury and influencing the progress of neurodegenerative disorders.646
Microglia expend considerable energy continuously making contacts with pre-and postsynaptic elements of neural647
circuits. Pruning of synapses may be equivocal to ”fine-tuning” of neural circuits. Further dysfunction of such a648
homeostatic role of microglia could be a primary cause of neuronal disease. As such, neuronal functions including649
cognition, personality, and information processing are affected by immune status. Understanding interactions650
between microglia and synapses, the possible cellular and molecular mechanisms that mediate such contacts could651
be of great value towards understanding neurodegenerative diseases such as AD and schizophrenia [72]. Amyloid652
protein precursor (APP) is involved in synaptic formation and function. In the human and rodent cingulate653
cortex, APP is preferentially located in the presynaptic active zone, indicating subsynaptic APP distribution is654
conserved across species and brain regions. Synaptic APP immunoreactivity decreases in aged cortical samples655
in deceased males (20-80 years of age). In contrast, the synaptic levels of ”alpha-secretase (ADAM10) and656
betasecretase (BACE1) did not significantly change. Decreased APP levels may be related to reduced allostasis657
of synapses in the aged brain and the greater susceptibility of neurodegenerative disorders [73]. Actin-regulating658
proteins are essential in regulating the shape of dendritic spines, which are sites of neuronal communication. Age659
related neurodegeneration is attributed to, in part, cofilin and related actin-regulating proteins. The analysis of660
cofilin motility in dendritic spines using fluorescence video-microscopy may help us understand synaptic functions.661
To date, the flow of cofilin has not been analyzed by automatic means. Dendrite Protein Analysis (Dendrite662
PA), a novel automated pattern recognition software may help analyze protein trafficking in neurons [74]. Using663
spatiotemporal information present in multichannel fluorescence videos, the Dendrite PA generates a temporal664
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maximum intensity projection that enhances the signal-to-noise ratio of important biological structures, segments665
and tracks dendritic spines, estimates the density of proteins in spines, and analyzes the flux of proteins through666
the dendrite/spine boundary. According to , the motion of a dendritic spine is used to generate spine energy667
images, which are then used to automatically classify the shape of common dendritic spines such as stubby,668
mushroom, or thin. By tracking dendritic spines over time and using their intensity profiles, the system can669
analyze the flux patterns of cofilin and other fluorescently stained proteins. The cofilin flux patterns correlate670
with the dynamic changes in dendritic spine shapes. Results also have shown that the activation of cofilin using671
genetic manipulations leads to immature spines while its inhibition results in an increase in mature spines [74].672

Understanding synaptic protein turnover is not only important for determining fundamental aspects of673
learning and memory, but also has direct implication for understanding pathological conditions like aging,674
neurodegenerative diseases, and psychiatric disorders. Proteins involved in synaptic transmission and synaptic675
plasticity are typically concentrated at synapses of neurons and thus appear as puncta (clusters) in immunoflu-676
orescence microscopy images. Quantitative measurement of the changes in puncta density, intensity, and sizes677
of specific proteins provides valuable information on their function circuit development, synaptic plasticity, and678
synaptopathy. Puncta quantification is time and labor intensive. Recently a software tool has been described679
that is designed for the rapid semi-automatic detection and quantification of synaptic protein puncta from 2D680
immunofluorescence images generated by confocal laser scanning microscopy. The software, dubbed as SynPAnal681
(for Synaptic Puncta Analysis), streamlines data quantification for puncta density and average intensity, thereby682
increases data analysis throughput compared to a manual method. SynPAnal is stand-alone software written683
using the JAVA programming language, and thus is portable and platform-free. This new tool has the potential684
to greatly accelerate understanding of synaptic dynamics in aging and AD [75].685

It is well known that chronic stress can induce maladaptive neurophysiological changes, ultimately leading686
to cognitive impairment. Senescenceaccelerated mouse prone 8 (SAMP8) is a naturally occurring animal model687
that is useful for investigating the neurological mechanisms of chronic stress and Alzheimer’s disease.688

In this study SAMP8 mice were exposed to unpredictable chronic mild stress (UCMS) for 4 weeks. Then, these689
mice performed the Morris Water Maze (MWM) test to assess the effect of UCMS on learning and memory. The690
effects of UCMS on cognition in mice, were evaluated by measuring changes in postsynaptic density 95 (PSD95)691
and synaptophysin (SYN) proteins, known to be essential for synaptic plasticity.692

The Morris water maze experiment revealed that the cognitive ability of the SAMP8 mice decreased with693
brain aging, and that chronic stress aggravated this cognitive deficit.694

Decreased cognition and synaptic plasticity are related to aging, an unsurprising effect. However chronic stress695
aggravated this cognitive deficit while decreasing SYN and PSD95 expression in the SAMP8 mice. Neurological696
mechanisms of chronic stress on cognition might be associated with a decrease in hippocampal SYN and PSD95697
expression, which may make the SAMP8 mice a valuable model for studying the relationship between aging,698
synaptic plasticity and stress [76].699

Wang et al (2016) focused on how dihydrotestosterone (DHT) regulates synaptic plasticity in the hippocampus700
of mild cognitive impairment male senescence-accelerated mouse prone 8 (SAMP8) mice. Five-month-old SAMP8701
mice were divided into control castrated and castrated-DHT groups, in which the mice were castrated and treated702
with physiological doses of DHT for a period of 2 months. To determine the regulatory mechanisms of DHT in the703
cognitive capacity, the effects of DHT on the morphology of the synapse and the expression of synaptic marker704
proteins in the hippocampus were investigated using immunohistochemistry, qPCR and western blot analysis.705
The results showed that the expression of cAMPresponse element binding protein (CREB), postsynaptic density706
protein 95 (PSD95), synaptophysin (SYN) and developmentally regulated brain protein (Drebrin) was reduced in707
the castrated group compared to the control group. However, DHT promoted the expression of CREB, PSD95,708
SYN and Drebrin in the hippocampus of the castrated-DHT group. Thus, androgen depletion impaired the709
synaptic plasticity in the hippocampus of SAMP8 and accelerated the development of (AD)-like neuropathology,710
suggesting that a similar mechanism may underlie the increased risk for AD in men with low testosterone. In711
addition, DHT regulated synaptic plasticity in the hippocampus of mild cognitive impairment (MCI) SAMP8712
mice and delayed the progression of disease to Alzheimer’s dementia. The study authors conclude androgen-based713
hormone therapy is a potentially useful strategy for preventing the progression of MCI in aging men. Androgens714
enhance synaptic markers (SYN, PSD95, and Drebrin), activate CREB, modulate the fundamental biology of715
synaptic structure, and lead to the structural changes of plasticity in the hippocampus, all of which result in716
improved cognitive function [77].717

Mitochondrial dysfunction, oxidative stress and beta-amyloid formation are believed to contribute to to718
neuronal and synaptic degeneration underlying cognitive decline in Alzheimer’s disease (AD). The senescence-719
accelerated mouse-prone 8 (SAMP8) mice are well characterized aging models for mechanistic and translational720
research for AD. The present study by Jia et al. (2016) [77] characterized mitochondrial and synaptic alterations721
in SAMP8 mice relative to SAMR1 control mice. This study explored the protective effect of the small molecule722
peptide SS31, a cell membrane penetrant antioxidant, on mitochondrial and synaptic protein integrity as well723
as cognitive performance. Electron microscopic analysis determined mitochondrial/synaptic deterioration in724
10 months old SAMP8 relative to SAMR1 mice. SAMP8 changes following 8 weeks treatment with SS31 (5725
mg/kg/day, i.p.) Hippocampal lysates in SAMP8 mice relative to SAMR1 revealed elevation of beta amyloid 42,726
mitochondrial fission protein (DLP1, Fis1) and matrix protein cyclophilin D (CypD). In addition, lysates showed727
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reductions of mitochondrial fusion protein (Mfn2) and synaptic (i.e., synaptophysin, postsynaptic density protein728
95 and growth associated protein 43) proteins [78]. These altered protein expressions in the SAMP8 mouse brain729
were restored with the SS31 treatment. Moreover, the SS31 treatment rescued learning and memory deficits730
detected in10 month-old SAMP8 mice. Study authors conclude these findings suggest that this mitochondria-731
targeting antioxidant peptide may be of potential utility for AD therapy, including a possible lowering of central732
AB levels and protection of mitochondrial homeostasis and synaptic integrity, which may help slow down cognitive733
decline [78]. Neurexin1 (Nrxn1) and Neuroligin3 (Nlgn3) are cell adhesion proteins, which are important to age-734
related synaptic plasticity decline. However, the expression of these proteins during aging has not been thoroughly735
analyzed. In the study by Kumar and Thakur (2015) investigators measured the age-related changes in the736
expression of these proteins in cerebral cortex and hippocampus of 10-, 30-, 50-, and 80-week-old male mice.737
Reverse transcriptase polymerase chain reaction (RT-PCR) analysis indicated that messenger RNA (mRNA)738
level of Nrxn1 and Nlgn3 significantly increased from 10 to 30 weeks and then decreased at 50 weeks in both the739
regions. However, in 80-week-old mice, Nrxn1 and Nlgn3 were further downregulated in cerebral cortex while740
Nrxn1 was downregulated and Nlgn3 was upregulated in hippocampus. These findings were corroborated by741
immunoblotting and immunofluorescence results. When the expression of Nrxn1 and Nlgn3 was correlated with742
presynaptic density marker synaptophysin, it was found that synaptophysin protein expression in cerebral cortex743
was high at 10 weeks and decreased gradually up to 80 weeks. In hippocampus, it decreased until 50 weeks and744
then increased remarkably at 80 weeks. Furthermore, Pearson’s correlation analysis showed that synaptophysin745
had a strong association with Nrxn1 and Nlgn3 in cerebral cortex and with Nlgn3 in hippocampus. The findings746
showed that Nrxn1 and Nlgn3 are differentially expressed in cerebral cortex and hippocampus which might be747
responsible for alterations in synaptic plasticity during aging. These finding warrant continued Nrxn1, Nlgn3748
research in aged cerebral cortex and hippocampus ??79].749

Major histocompatibility complex class I (MHCI) proteins may modulate synaptogenesis, synaptic plasticity,750
and memory consolidation during development. Ultrastructural analyses revealed a decrease in spine head751
diameter and post synaptic density (PSD) area, as well as an increase in overall synapse density, and non-752
perforated, small spines [80].753

There is increasing evidence for the role of the major histocompatibility complex class I (MHCI), a protein754
complex best known for antigen presentation and immunological surveillance in the adaptive immune system,755
in a second function within the central nervous system (CNS). Lazarczyk et al. (2016) stated ”Originally, the756
brain was considered to be ’immunologically privileged’, with low expression of MHCI unless evoked in response757
to traumatic injury or functional impairment in learning and memory”. We now know MHCI is expressed758
on neurons during development and early adulthood in brain regions including the neocortex, hippocampus,759
spinal motoneurons, and substantia nigra. In the developing CNS, MHCI has been shown to modulate synaptic760
plasticity, axonal and dendritic morphogenesis, and neuronal polarity all functions that are completely distinct761
from its role in the peripheral immune system ??80].762

In rat hippocampus, increasing neuronal expression of MHCI and the following associated proteins: such763
as ?2-microglobulin (?2M), transporter associated with antigen processing (TAP), paired immunoglobulin-like764
receptor B (PirB), and killer cell lectin-like receptor (Klra; also known as Ly49) causes an association with765
cognitively impaired as well as cognitively intact aged rats compared to adult rats. However, MHCI expression766
in humans appears to be significantly increased in cognitively intact oldest-old (?87 years of age) individuals767
and decreased in cognitively impaired oldest-old, relative to younger-old (?86 years of age) cognitively intact768
individuals. Moreover, recent genome association studies found alleles of human leukocyte antigen A, one of the769
three human MHCI genes, associated with increased risk of Alzheimer’s disease. Lazarczyk concludes, ”depending770
on the species and the cognitive tasks assessed, an age-related increase in MHCI is important in regulating and771
preserving cognitive function and thus may be a crucial mechanism for maintaining memory function associated772
with successful aging”. As variability in neuronal and spine morphology has been associated with memory773
formation and cognitive function, MHCI may regulate memory and cognition through the formation and/or774
elimination of synapses, similar to its developmental function. MHCI is known to modulate excitatory glutamate775
receptor function. Altered activity of these receptors has been linked to dendritic spine clustering and their776
expression at the synapse correlated with age-related cognitive decline ??80].777

Several neuropsychiatric disorders are associated with cognitive and social dysfunction. Postmortem studies778
of patients with schizophrenia by ??iskorowski et al. (2016) [81] have revealed specific changes in Area CA2, a779
hippocampal recently found to be critical for social memory formation. To examine how Area CA2 is altered780
in psychiatric illness, investigators used the Df(16)A+/? mouse model of the 22q1 microdeletion, a genetic risk781
factor for developing several neuropsychiatric disorders, including schizophrenia. Several age-dependent CA2782
alterations were reported: a decrease in the density of parvalbuminstained interneurons, a reduction in the783
amount of feedforward inhibition and a change in CA2 pyramidal neuron intrinsic properties. Results show that784
Area CA2 is less plastic in Df( ??6)A+/ ? mi ce, making it nearly impossible to evoke action potential firing785
in CA2 pyramidal neurons and Df( ??6)A+/? mice display impaired social cognition, providing a potential786
mechanism and a neural substrate for this impairment in psychiatric disorders ??81].787

Also in hippocampus, Mulholland et al (2018) [83] have recently shown that Donepezil changes dendritic788
spine density and morphology in alcohol exposed adolescent rats. When these alcohol exposed rats were treated789
with Donepezil as adults, dendritic spine alterations and epigenetic modifications were reversed. This raises the790
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prospect that AD patients with a history of alcohol use and/or abuse may respond differently to their non-drinking791
AD cohorts and these differences are due to dendritic spine morphology ??82].792

Synapse density is reduced in postmortem cortical tissue from schizophrenia patients, which indicates increased793
synapse elimination takes place. In this important study by Sellgren & Gracias (2019) [83], investigators794
used a reprogrammed in vitro model of microglia-mediated synapse engulfment. They demonstrated increased795
synapse elimination in patientderived neural cultures and isolated synaptosomes. This excessive synaptic pruning796
reflects abnormalities in both microglia-like cells and synaptic structures. Schizophrenia risk-associated variants797
within the human complement component 4 locus are associated with increased neuronal complement deposition798
and synapse uptake. This observation, however, does not completely explain the increase in synapse uptake.799
Additionally, the antibiotic minocycline reduces microglia-mediated synapse uptake in vitro and is associated800
with a decrease in schizophrenia risk compared to other antibiotics in a cohort of young adults. The authors801
conclude preventing excessive pruning may be one strategy for delaying or preventing the onset of schizophrenia802
in high-risk individuals ??83]. The importance of this insight cannot be understated. Synapse development,803
growth and elimination are dynamic processes that continue throughout life. Synaptic elimination, or pruning,804
is important for removing weak, damaged or unnecessary synapses from the brain. Synaptic elimination is805
modulated by neuronal activity. Recently, the classical complement cascade has been implicated in promoting806
synaptic pruning. Specifically, microglial cells recognize activated complement component 3 (C3) bound to807
synapses targeted for elimination, thus facilitating their removal.808

The authors point out as this is a highly relevant process for adequate neuronal functioning, disruptions or809
exacerbations in synaptic pruning could lead to severe circuitry alterations that could underlie neuropathological810
alterations typical of neurological and neuropsychiatric disorders. This, as has been previously alluded to, raises811
the possibility that excessive synaptic elimination in AD may involve or be associated with compliment proteins.812
In turn, this process of complement mediated pruning could involve microglia activity. Further studies are likely813
to continue connecting the role of the complement cascade and C3 to AD dynamics. This raises the possibility814
that a complementbased therapy could be developed as a new target for AD ??83] [84]. This review covered the815
following topics: We began by discussing AD demographics, growth curves and current cost of the disease. While816
many clinical trials are underway, with many different targets, we underscored the fact that currently there are817
only a handful of FDA approved drugs, and none address prevention, just symptomatic treatment. We addressed818
MCI and conversion of MCI to AD, relevant biological and genetic markers that may predict conversion to AD819
and help define AD itself. These biological and genetic markers may provide new drug or treatment targets in820
the future. We then changed our focus to inflammation in AD and the role that the complement cascade plays821
in inflammation, thus setting the stage for complement’s potential role in AD. It is known that complement also822
plays a role in betaamyloid and tau pathology, thus increasing the potential influence of complement to AD.823
Finally, we discussed complement inhibition specifically and AD modulation and prevention. 1824
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