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Abstract

Neuroinflammation is a potential factor speculated to underlie Alzheimer’s disease (AD)
etiopathogenesis and progression. The overwhelming focus in this area of research to date has
been on the chronic upregulation of pro-inflammatory cytokines to understand how
neuroinflammatory mechanisms contribute to neurodegeneration. Yet, it is important to understand
the pleiotropic roles of these cytokines in modulating neuroinflammation in which they cannot be
labeled as a strictly “good” or “bad” biomarker phenotype. As such, biomarkers with more precise
functions are needed to better understand how neuroinflammation impacts the brain in AD.
Neuronal pentraxins are a concentration- dependent group of pro- or anti- inflammatory cytokines.
There is contradictory evidence of these pentraxins as being both neuroprotective and potentially
detrimental in AD. Potential neuroprotective examples include their ability to predict AD-related
outcomes such as cognition, memory function and synaptic refinement. This review will briefly
outline the basis of AD and subsequently summarize findings for neuropathological mechanisms
of neuroinflammation, roles for traditional pro-and anti-inflammatory cytokines, and data found
thus far on the neuronal pentraxins.
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1. Introduction

Alzheimer’s disease (AD) is clinically characterized by global cognitive impairment,
memory decline, loss of activities of daily living, a neural accumulation of tau and amyloid,
and neuronal death manifesting as profound atrophy in important brain regions. There is a
current rise in AD prevalence, with research projecting that by the year 2050 one new case
of AD will develop every 33 seconds and nearly 1 million new people will develop it
annually in the United States [1]. The first signs of atrophy appear in the hippocampus and
medial parietal lobe, with subsequent degeneration in the inferolateral region of the temporal
lobe and the frontal lobe [2]. Currently, it is thought that Ap plagues, and tau-based
neurofibrillary tangles (NFT) are the main progenitors of the disease and thus are pathogenic
hallmarks used for clinical diagnosis post-mortem [3-5]. This classification relies on a
method that takes into account the age of the individual with the number of plaques and
tangles that are present [4]. However, new proteomics research has suggested a different
paradigm to better understand the multitude of factors that mechanistically contribute to the
etiopathogenesis and progression of AD, which may complement or act downstream of
amyloid and tau pathology [6-9].

AD is typified by progressive medial temporal lobe (MTL) atrophy and memory decline
[10,11]. Some proposed mechanisms that trigger these etiopathogenic effects include but are
not limited to oxidative stress [12], insulin resistance [13-17], and mitochondrial
degradation [18-25] which cause cell damage via release of reactive nitrogen and oxygen
species (RNS, ROS) [26,27]. In 2015, the emergence of neuroinflammation as a potential
contributing factor for the cause of AD prompted the Alzheimer’s Association Roundtable to
meet and analyze its mechanistic contributions to the disease [28]. They concluded that there
is a very present need for scientific research to advance the understanding of the molecular
patterns of neuroinflammation that underlie the various stages of AD, and to find novel
biomarkers of inflammation and innate immunity that could be used in the therapeutic
prevention and treatment of AD [29-35].

2. Neuroinflammation

Chronic neuroinflammation can induce cellular damage through inflammatory cell
proliferation, ROS production, and extensive DNA alterations [36—38]. Physiologically, the
process of neuroinflammation is most commonly initiated in response to some sort of a cue
such as infection [39], brain injury [40], stress [41], or aging [42], prompting microglia to
become activated [43].

Neuroinflammation has consistently been associated with both normal brain aging and AD
neurodegeneration [44,45]. Chronic neuroinflammation can begin to degrade tissue and the
Blood Brain Barrier (BBB), causing activated microglia to release proinflammatory
cytokines to act on peripheral immune cells, generating an immunological response through
inflammatory modulation [46]. Chronic neuroinflammation causes a sustained cytokine
release, which can ultimately compromise brain tissue through inflammatory, atrophic
effects on brain volume [47]. This process leads to neurodegeneration and cognitive deficits
[48,49], which are known to be associated with AD [10,11,50].
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Traditionally, most research has focused on the role of neuroinflammatory mechanisms that
potentiate AD-related pathogenesis [51] and neurodegenerative processes [52-54]. There are
two main areas of thought as to how this neuropathologic inflammatory cascade of events
occurs: 1) the “inflammation hypothesis” indicates that neuroinflammation is caused by AB
and tau species [27,55]; or 2) that inflammation-activated microglia cannot properly
phagocytose AR, leading to plague accumulation rather than plaque clearance, thereby
contributing to Ap-induced neurodegeneration [56,57]. Yet, it has been proposed that
chronic neuroinflammation could precede AP and tau pathology in late-onset AD [27,58—
60]. Longitudinal brain atrophy in AD is mediated by increased levels of the cardinal pro-
inflammatory cytokines, including tumor necrosis factor- a. (TNF-a), Interleukin-1f
(IL-1B), Interleukin-6 (1L-6) [56], as well as their downstream effectors (Griffin et al.,
1989). The majority of these cytokines are released from microglia, as well as astrocytes,
brain endothelial cells (BECs), and neurons [51,56,62,63]. Regardless of how
neuroinflammation and both AR and tau tie together, there is an overwhelming consensus on
their adverse impacts. It has been firmly established that increased levels of
neuroinflammation are mechanistically detrimental and can potentiate hippocampal atrophy
and memory decline over time [27,64,65]. Furthermore, microglia are thought to play
opposing roles in this process, in that they can clear A yet also continually release pro-
inflammatory cytokines based on their pleiotropic nature [66]. Next, it is worthwhile to
expand on what roles microglia play in acute and chronic neuroinflammation [67].

3. Microglia and Neuroinflammation: Beneficial and Detrimental Roles

Microglial activation in AD is most often thought to be potentiated by A peptides, tau, and
neuronal cell degradation [67—71]. Microglia also have prominent roles in the homeostatic
regulation of synaptic plasticity and neuronal pathways [72-75], including the activation of
the nuclear factor-kappa B (NF-kB) pathway in neurodegenerative disorders [76]. This is
important as many chronic diseases are found to be associated with the dysregulation of the
NF-kB cellular response pathway due to its explicit functions in gene expression, immunity,
modulation of inflammation and disease progression [77]. Microglia also act as an important
component of the healthy central nervous system (CNS), when they are unchallenged,
through their role in neurogenesis [78].

Yet, microglial cells are a “double-edged sword” based on their level of activation. For
example, neurodegenerative disorders are related to microglia retracting and instigating
phagocytosis, causing them to no longer maintain homeostatic regulation of synaptic
processes [35,79,80]. Microglial cells show phenotypic alterations and become “primed” in
the presence of pro-inflammatory cytokines, morphing from a M2c repair oriented
phenotype to an active M1 phenotype [81]. This shift identifies a change in the microglia
from a protective state of repairing tissue and resolving inflammation to a pro-inflammatory
state [82]. In a study that looked at young and aging transgenic mice, it was concluded that
in contrast to a healthy, young brain, the aging brain is found to have elevated levels of
activated microglia that are associated with an increased expression of classic pro- and anti-
inflammatory cytokines biomarkers such as TNFa, IL-1p, IL-6, and 1L-10 [83].

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

Page 4

Microglial activation also induces expression of inflammatory genes, accounting for the
pervasive upregulation of pro-inflammatory cytokines and enzymes as well as pro-
inflammatory adhesion molecules of the immune system [84]. It has been corroborated that
microglia can be primed toward a pro-inflammatory state by the C3 receptor [85]. An in vivo
study that continually induced a microglial inflammatory phenotype in mice, using
lipopolysaccharide (LPS), showed an activation of the microglial complement-phagosome
pathway that subsequently induced neurodegeneration [86].

Evidence continues to confirm that in the aged and neurodegenerative brain, there is a
primed microglial state that elicits an “aggressive phenotype” in response to the
inflammatory changes that occur in the microglial environment, resulting in a local
production of pro-inflammatory cytokines [87]. Experimental in vivo results have shown
that it is the microglia that links the periphery to the brain and stimulates inflammation in
the CNS, which is similar to the inflammatory responses evoked in aging and AD [88]. In
this novel experiment, LPS treatments induced systemic inflammation and upregulated the
expression of pro-inflammatory cytokines including pentraxin 3. This resulted in increased
neuronal death in ME7 mice and an inflammatory cascade of events thought to potentiate
neurodegeneration [88].

Since many molecules of the immune system can demonstrate pleiotropic functions,
characterizing neuroinflammatory proteins as a pro- or anti-inflammatory species provides
little information on the actual role of brain inflammation in AD pathology [27,89,90].
While classic pro-inflammatory cytokines such as IL-1p and IL-6 can potentiate brain
atrophy, they are not necessarily ideal AD biomarkers due to their pleiotropic nature. For
example, pro-inflammatory cytokines at lower concentrations induce and maintain
hippocampal long term potentiation (LTP), neural plasticity, brain homeostasis, plaque
clearance via activated microglia, and tissue repair (Ben Menachem-Zidon et al., 2011;
Goshen and Yirmiya, 2009; Griffin et al., 1989; Mrak and Griffin, 2005), where at higher
concentrations these effects are diminished [59,93-99]. Therefore, the expression of pro-
inflammatory cytokines by microglia in the brain cannot necessarily be classified as a “bad”
phenotype [100-102] as these cytokines elicit multiple effects, based upon concentration,
with considerable differences in levels in individuals [103].

Furthermore, the levels at which these cytokines have specific inflammatory effects are
context-dependent, and vary from person to person, indicating their multifunctional
modulation of the innate immune system [103,104]. Recent research has suggested that a
more effective treatment in neurodegenerative pathology would be to re-balance
inflammatory signals to limit AD progression [62,102,105]. These paradigms highlight the
difficulty in finding effective biomarkers to detect and track AD development and
progression. When analyzing the potential use of immunological biomarkers, it is important
to understand their mechanistic roles in order to fully grasp their underlying
neurophysiology and subsequent effects on the brain.
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4. Neurodegenerative Pathology and Neuroinflammation

Neurodegenerative processes that contribute to atrophy and memory decline occur in
specific brain areas like the neocortex and limbic system and are characterized by synaptic
damage and neuronal death, with these changes corresponding to the classical cognitive
impairment and memory loss associated with AD [9,106-110]. In experiments looking at
multiple sclerosis (MS), an inflammatory disease characterized by extensive demyelination,
it has been found that neuroinflammation has detrimental effects on synaptic transmission,
particularly in the hippocampus, further elucidating the hippocampal cognitive deficits and
attenuation of synaptic plasticity that result in pathologies due to CNS inflammation
[111,112]. AD neurodegeneration has also been found to result in decreased synaptic
plasticity and neurogenesis, which reveals that the etiopathogenesis of AD on the brain
could affect two neurophysiological factors: a degradation of mature neurons and a
decreased generation of new, functional neurons [110,113-116].

It has also been concluded that aging is a crucial factor in the development and progression
of AD, leading to inhibitory regulation of synaptic genes in the biological pathways of AD
including inflammation, oxidative stress, energy homeostasis and synapse transmission
[117-120]. Both pathological cognitive disorders and age-related cognitive decline seem to
be similarly related to levels of synaptic plasticity that decrease over time, with the same
neurobiological mechanism that occurs in AD paralleling what happens in normal aging, just
to a greater extent [121,122]. Gene expression microarrays have revealed that the
mechanism of normal aging is associated with inflammation, mitochondrial dysfunction,
oxidative stress and altered protein processing, causing effects on neuronal activity and
growth and leading to an inflammatory cascade of events in which impairments to neurons
and glial function ultimately result in decreased cognition and memory [123].

Changes in synaptic strength are attributed mostly to astrocytes, as they regulate synaptic
plasticity and transmission through the release of gliotransmitters and the expression of
transporters/receptors on their extracellular surface, which alters neuronal physiology [124-
127]. Microglia can act as “sensors” that shift among activation states due to physiological
alterations in the brain environment and thus elicit specific effects on synapses and synaptic
transmission [128]. One study found that stimulating pro-inflammatory cytokines in aged
rats resulted in decreased LTP, where there was an inverse association of increased 1L-1f
concentration and decreased LTP [129]. Therefore, there is a current need to elucidate
prominent cytokines with mechanistic roles in neuroinflammation and the underlying
neurodegenerative processes of AD, such as pentraxins.

5. Pentraxins

The pentraxin family is a unique and highly conserved group of acute, immunological
proteins known for their “pentraxin signature,” a specific sequence of eight amino acids
found within a pentraxin domain that is characterized by a carboxy-terminal made up of
roughly 200 amino acids [130]. They are divided into two biochemical classes: short
pentraxins and long pentraxins, the latter of which have a long N terminal domain [131-
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133]. Pentraxins are a group of humoral pattern recognition receptors that specifically
modulate innate, humoral immunity [134].

The long-form pentraxins (NP1, NPTX2, PTX3) and the pentraxin receptor (NPR) have
been proposed to function similar to acute phase proteins in response to inflammatory
stimuli by activating the complement system and binding and clearing extracellular
pathogens, synaptic debris and toxins from the neurons which further elucidates their role of
protection and modulation of synaptic plasticity [113,114,134]. Pentraxins have the ability to
recognize damaged cells and instigate apoptosis to clear away cellular debris [135-139].
Neuronal pentraxins have been implicated to play an early role in the postnatal brain by
refining synaptic sites, yet in NP knockout (KO) mice it has been concluded that there is no
effect on hippocampal LTP and long term depression (LTD) [140]. New research has
illustrated the pentraxins ability to play a role in regulating the immune system through
complement pathway activation and neutralization, as well as their role in regulating
inflammatory pathways through complement modulation and clearance of cellular debris by
apoptosis [131,139,141,142].

It is also known that neuronal-activity regulated protein (NARP) has been linked to the
pentraxin C-reactive protein (CRP) of the acute phase response due to many similarities in
structure and its function as a calcium-dependent lectin [142]. In comparison to the limited
amount of research that has been done on NARP and pentraxins in general, the function of
CRP is well known in the field of immunology and inflammation. CRP, a pro-inflammatory
regulatory protein and a known activator of the complement C system in the acute phase
response of immunity [143], is speculated to have a mechanistically protective role as it is
able to modulate and balance inflammatory reactions via activation or deactivation of the
complement system [144]. CRP, notably the first pattern-recognition molecule (PRM) to be
discovered, is an immunological pentraxin of humoral innate immunity that can lead to an
activation of adaptive immunity and tissue repair [131,139,145]. There are pentraxins that
act as a novel immediate-early gene (IEG) which may play a role in neuronal synaptic
plasticity and LTP [142,146,147]. It has also been established that synaptic plasticity in
MTL is partly regulated by the pentraxin superfamily, such as NPTX2 [148].

It is important to keep in mind that not all pro-inflammatory modulatory mechanisms induce
chronic neuroinflammation. Apitx2b, the gene for NPTX2 in zebra fish, is able to modulate
synaptic plasticity in hyporcretin/orexin (HCRT) neurons through circadian regulatory
mechanisms [149], which are affected by both circadian clock balance and sleep deprivation.
The concentration of NARP, the protein in rats homologous to NPTX2, is increased in the
adult cortex and hippocampus of the brain with beneficial roles in neuronal growth, synaptic
physiology and the associated LTP that arises from N-methyl-D-aspartate (NMDA) receptor
activation [142]. Xu et al. concluded that NARP, as well as other associated pentraxins like
NP1, interact and correspond to synaptic plasticity in the brain through associations with
AMPA type glutamate receptors, from development through adulthood [150].

Messenger RNA expression of NPTX2 has also been found to be upregulated in neurons and
glia of the substantia nigra and frontal cortex in Parkinson’s Disease (PD), another
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neurodegenerative disorder, and is thought to play roles in PD dysfunction as a result of
synaptic alterations in the cerebral cortex [151].

Pentraxins, in general, have physiological regulatory effects on the immune system,
synapses, inflammation, homeostasis, and apoptosis [131,139,141,142,152,153]. NPTX2 is a
novel pentraxin to utilize due to its pro-inflammatory biomarker potential. NPTX2 is a
promising IEG that acts in the acute phase of immunity to aid in clearance of extracellular
debris (Dodds et al., 1997), a known protective mechanism against neurodegeneration that
allows for increased synaptic plasticity potential [148] and by extension, memory [147,155—
157]. New research corroborates this with findings concluding that NPTX2 predicts up to
56% of variance in memory decline over 2 years across the Alzheimer’s disease spectrum
[158]. This novel study analyzed a cohort of 285 subjects, including those that were
cognitively normal, mild cognitively impaired or had AD, from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database and found that higher baseline cerebrospinal fluid
(CSF) levels of NPTX2, a known marker of glutamatergic synaptic plasticity, corresponded
to less brain atrophy and less memory decline over a two year span [159-161], suggesting
that NPTX2 may have some neuroprotective effects.

Additional evidence has also suggested that NPTX2 has strong potential to predict
progression of MCI to AD because this biological protein is a marker in CSF of both
neuronal degradation and synaptic loss [159,162]. Furthermore, there is exciting new
research to corroborate these findings regarding cognitive deterioration in AD including
novel significant findings of the association between NPTX2 and AD neuropathological
outcomes. A study that assayed NPTX2 levels with a western blot found that levels of this
protein were downregulated in all cortical regions that are typically impacted in AD [163].
Another interesting finding in this study was that NPTX2 was able to predict GluA4, the
AMPA type glutamate receptor indicative of neuronal circuitry, expression in both aged and
AD subjects [163]. Results revealed that in normal aging there is a downregulation of
NPTX2 expression that corresponds to decreased GIuA4 expression, while in AD, GluA4
becomes more extensively reduced due to simultaneous pathological amyloidosis effects on
NPTX2 potentially leading to a greater decline in cognition as seen in neurodegenerative
disorders like AD.

7. Discussion

More research needs to be conducted to determine how to prevent or treat cognitive
impairment by repairing synaptic plasticity alterations that occur with age-related/AD-
related cognitive decline [164]. The pentraxins, specifically NPTX2, may be good
biomarkers and mechanistic targets regarding AD neuropathology and their effects on
synaptic plasticity [132,165-168]. Through our recent work looking at peptides of NPTX2
as biomarkers [158], we find that peptidomics and other multiplex techniques may reveal
novel immunological biomarkers of chronic neuroinflammation or other processes that best
predict classical AD neurodegenerative pathologies.

Additionally, it is crucial to focus on the pleiotropic and concentration-dependent roles of
neuroinflammatory cytokines in both in normal aging and neurodegenerative populations.
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These regulatory proteins cannot simply be labeled as a “good” or “bad” phenotype. These
paradigms should be taken into account when selecting a mechanistic approach to detect and
track AD pathogenesis. We propose that biomarkers with more circumscribed functions,
such as neuronal pentraxins, are needed to better understand how neuroinflammation
contributes to cognitive dysfunction and neurodegeneration, specifically in AD.

8. Conclusions

There is a current need of a disease-modifying therapy for AD [169-173]. Furthermore, due
to the multifaceted etiopathology of AD, new proteomics research is needed to advance the
understanding and diagnostic tools of this disease by looking at the molecular and
neurophysiological mechanisms underlying AD [9,174-176]. Analysis of biochemical
markers that can be used to diagnose the various stages of this disease, as well as elucidation
of neurobiological changes that occur throughout AD, are vital to advancing this field.

Acknowledgments

This study was funded in part by the College of Human Sciences at lowa State University, a Big Data Brain
Initiative grant through the lowa State University Office of Vice President for Research, NIH grant AG047282, and
the Alzheimer’s Association Research Grant to Promote Diversity grant AARGD-17-529552. No funding source
had any involvement in the report.

References

1. Alzheimer Association. 2016 Alzheimer’s Disease Facts and Figures. Alzheimer’s Dement. 2016;
12(2016):1-80. DOI: 10.1016/j.jalz.2016.03.001 [PubMed: 26710324]

2. Scahill RI, Schott JM, Stevens JM, Rossor MN, Fox NC. Mapping the evolution of regional atrophy
in Alzheimer’s disease: unbiased analysis of fluid-registered serial MRI. Proc Natl Acad Sci U S A.
2002; 99:4703-7. DOI: 10.1073/pnas.052587399 [PubMed: 11930016]

3. Khachaturian ZS. Diagnosis of Alzheimer’s Disease. Arch Neurol. 1985; 42:1097-1105. DOI:
10.1001/archneur.1985.04060100083029 [PubMed: 2864910]

4, Castellani RJ, Rolston RK, Smith M. Alzheimer Disease. Dis a Mon. 2011; 56:1-60. DOI: 10.1016/
j.disamonth.2010.06.001.Alzheimer

5. Swerdlow RH. Pathogenesis of Alzheimer ’s disease. 2007; 2:347-359.

6. Brinkmalm A, Portelius E, Ohrfelt A, Brinkmalm G, Andreasson U, Gobom J, Blennow K,
Zetterberg H. Explorative and targeted neuroproteomics in Alzheimer’s disease. Biochim Biophys
Acta - Proteins Proteomics. 2015; 1854:769-778. DOI: 10.1016/j.bbapap.2015.01.009

7. Korolainen MA, Nyman TA, Aittokallio T, Pirttil& T. An update on clinical proteomics in
Alzheimer’s research. J Neurochem. 2010; 112:1386-1414. DOI: 10.1111/j.
1471-4159.2009.06558.x [PubMed: 20050976]

8. Spellman DS, Wildsmith KR, Honigberg LA, Tuefferd M, Baker D, Raghavan N, Nairn AC,
Croteau P, Schirm M, Allard R, Lamontagne J, Chelsky D, Hoffmann S, Potter WZ. Development
and evaluation of a multiplexed mass spectrometry based assay for measuring candidate peptide
biomarkers in Alzheimer’s Disease Neuroimaging Initiative (ADNI) CSF. Proteomics Clin Appl.
2015; 9:715-731. DOI: 10.1002/prca.201400178 [PubMed: 25676562]

9. Moya-Alvarado G, Gershoni-Emek N, Perlson E, Bronfman FC. Neurodegeneration and
Alzheimer’s disease (AD). What Can Proteomics Tell Us About the Alzheimer’s Brain? Mol Cell
Proteomics. 2016; 15:409-25. DOI: 10.1074/mcp.R115.053330 [PubMed: 26657538]

10. Weintraub S, Wicklund AH, Salmon DP. The neuropsychological profile of Alzheimer disease.
Cold Spring Harb Perspect Med. 2012; 2doi: 10.1101/cshperspect.a006171

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 9

Welsh K, Butters N, Hughes J, Mohs R, Heyman A. Detection of abnormal memory decline in
mild cases of Alzheimer’s disease using CERAD neuropsychological measures. Arch Neurol.
1991; 48:278-281. DOI: 10.1001/archneur.1991.00530150046016 [PubMed: 2001185]

Castellani RJ, Perry G. Pathogenesis and Disease-modifying Therapy in Alzheimer’s Disease: The
Flat Line of Progress. Arch Med Res. 2012; 43:694-698. DOI: 10.1016/j.arcmed.2012.09.009
[PubMed: 23085451]

Jarvik GP, Wijsman EM, Kukull Wa, Schellenberg GD, Yu C, Larson EB. Interactions of
apolipoprotein E genotype, total cholesterol level, age and sex in prediction of Alzheimer’s
disease: a case-control study. Neurology. 1995; 45:1092-1096. DOI: 10.1212/WNL.45.6.1092
[PubMed: 7783869]

Ott A, Stolk RP, Hofman A, Van Harskamp F, Grobbee DE, Breteler MMB. Association of
diabetes mellitus and dementia: The Rotterdam Study. Diabetologia. 1996; 39:1392-1397. DOI:
10.1007/s001250050588 [PubMed: 8933010]

Brownlee M. Advanced protein glycosylation in diabetes and aging. Annu Rev Med. 1995;
46:223-234. DOI: 10.1146/annurev.med.46.1.223 [PubMed: 7598459]

Vitek MP, Bhattacharya K, Glendening JM, Stopa E, Vlassara H, Bucala R, Manogue K, Cerami
A. Advanced glycation end products contribute to amyloidosis in Alzheimer disease. Proc Natl
Acad Sci U S A. 1994; 91:4766-70. DOI: 10.1073/pnas.91.11.4766 [PubMed: 8197133]

Kuusisto J, Koivisto K, Mykkanen L, Helkala EL, Vanhanen M, H&nninen T, Kervinen K,
Kesaniemi YA, Riekkinen PJ, Laakso M. Association between Features of the Insulin Resistance
Syndrome and Alzheimer’s Disease Independently of Apolipoprotein E4 Phenotype: Cross
Sectional Population Based Study. BMJ Br Med J. 1997; 315:1045-1049. DOI: 10.1136/bm;.
315.7115.1045 [PubMed: 9366728]

Moreira PI, Zhu X, Wang X, gon Lee H, Nunomura A, Petersen RB, Perry G, Smith MA.
Mitochondria: A therapeutic target in neurodegeneration. Biochim Biophys Acta - Mol Basis Dis.
2010; 1802:212-220. DOI: 10.1016/j.bbadis.2009.10.007

Atamna H, Nguyen A, Schultz C, Boyle K, Newberry J, Kato H, Ames BN. Methylene blue delays
cellular senescence and enhances key mitochondrial biochemical pathways. FASEB J. 2008;
22:703-712. DOI: 10.1096/fj.07-9610com [PubMed: 17928358]

Hirai K, Aliev G, Nunomura A, Fujioka H, Russell RL, Atwood CS, Johnson AB, Kress Y, Vinters
HV, Tabaton M, Shimohama S, Cash AD, Siedlak SL, Harris PL, Jones PK, Petersen RB, Perry G,
Smith MA. Mitochondrial abnormalities in Alzheimer’s disease. J Neurosci. 2001; 21:3017-23.
21/9/3017 [pii]. [PubMed: 11312286]

Wang X, Su B, Lee H, Li X, Perry G, Smith Ma, Zhu X. Impaired balance of mitochondrial fission
and fusion in Alzheimer’s disease. J Neurosci. 2009; 29:9090-9103. DOI: 10.1523/JNEUROSCI.
1357-09.2009 [PubMed: 19605646]

Caspersen C, Wang N, Yao J, Sosunov A, Chen X, Lustbader JW, Xu HW, Stern D, McKhann G,
Du Yan S. Mitochondrial Abeta: a potential focal point for neuronal metabolic dysfunction in
Alzheimer’s disease. FASEB J. 2005; 19:2040-1. DOI: 10.1096/fj.05-3735fje [PubMed:
16210396]

Lustbader JW, Cirilli M, Lin C, Xu HW, Takuma K, Wang N, Caspersen C, Chen X, Pollak S,
Chaney M, Trinchese F, Liu S, Gunn-Moore F, Lue LF, Walker DG, Kuppusamy P, Zewier ZL,
Arancio O, Stern D, Yan SS, Wu H. ABAD directly links Abeta to mitochondrial toxicity in
Alzheimer’s disease. Science. 2004; 304:448-52. DOI: 10.1126/science.1091230 [PubMed:
15087549]

Manczak M, Anekonda TS, Henson E, Park BS, Quinn J, Reddy PH. Mitochondria are a direct site
of Ap accumulation in Alzheimer’s disease neurons: Implications for free radical generation and
oxidative damage in disease progression. Hum Mol Genet. 2006; 15:1437-1449. DOI:
10.1093/hmg/ddl066 [PubMed: 16551656]

Hansson Petersen CA, Alikhani N, Behbahani H, Wiehager B, Pavlov PF, Alafuzoff I, Leinonen V,
Ito A, Winblad B, Glaser E, Ankarcrona M. The amyloid beta-peptide is imported into
mitochondria via the TOM import machinery and localized to mitochondrial cristae. Proc Natl
Acad Sci U S A. 2008; 105:13145-50. DOI: 10.1073/pnas.0806192105 [PubMed: 18757748]
Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity: uncovering the molecular
mechanisms. Nat Rev Neurosci. 2007; 8:57-69. DOI: 10.1038/nrn2038 [PubMed: 17180163]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 10

Nazem A, Sankowski R, Bacher M, Al-Abed Y. Rodent models of neuroinflammation for
Alzheimer’s disease. J Neuroinflammation. 2015; 12:74.doi: 10.1186/s12974-015-0291-y
[PubMed: 25890375]

Alzheimers Association A. 2015 Alzheimer’s disease facts and figures. Alzheimer’s Dement.
2015; 11:459-509. DOI: 10.1016/j.jalz.2015.02.003

Alcolea D, Vilaplana E, Pegueroles J, Montal V, Sanchez-Juan P, Gonzalez-Suérez A, Pozueta A,
Rodriguez-Rodriguez E, Bartrés-Faz D, Vidal-Pifieiro D, Gonzélez-Ortiz S, Medrano S, Carmona-
Iragui M, Sanchez-Saudinés MB, Sala I, Anton-Aguirre S, Sampedro F, Morenas-Rodriguez E,
Clarimon J, Blesa R, Lled A, Fortea J. Relationship between cortical thickness and cerebrospinal
fluid YKL-40 in predementia stages of Alzheimer’s disease. Neurobiol Aging. 2015; 36:2018-
2023. DOI: 10.1016/j.neurobiolaging.2015.03.001 [PubMed: 25865441]

Craig-Schapiro R, Perrin RJ, Roe CM, Xiong C, Carter D, Cairns NJ, Mintun MA, Peskind ER, Li
G, Galasko DR, Clark CM, Quinn JF, D’Angelo G, Malone JP, Townsend RR, Morris JC, Fagan
AM, Holtzman DM. YKL-40: A novel prognostic fluid biomarker for preclinical Alzheimer’s
disease. Biol Psychiatry. 2010; 68:903-912. DOI: 10.1016/j.biopsych.2010.08.025 [PubMed:
21035623]

Zetterberg H, Wilson D, Andreasson U, Minthon L, Blennow K, Randall J, Hansson O. Plasma tau
levels in Alzheimer’s disease. Alzheimers Res Ther. 2013; 5:9.doi: 10.1186/alzrt163 [PubMed:
23551972]

Snyder HM, Carrillo MC, Grodstein F, Henriksen K, Jeromin A, Lovestone S, Mielke MM,
O’Bryant S, Sarasa M, Sjggren M, Soares H, Teeling J, Trushina E, Ward M, West T, Bain LJ,
Shineman DW, Weiner M, Fillit HM. Developing novel blood-based biomarkers for Alzheimer’s
disease. Alzheimer’s Dement. 2014; 10:109-114. DOI: 10.1016/j.jalz.2013.10.007 [PubMed:
24365657]

Ross J, Sharma S, Winston J, Nunez M, Bottini G, Franceschi M, Scarpini E, Frigerio E, Fiorentini
F, Fernandez M, Sivilia S, Giardino L, Calza L, Norris D, Cicirello H, Casula D, Imbimbo BP.
CHF5074 reduces biomarkers of neuroinflammation in patients with mild cognitive impairment: a
12-week, double-blind, placebo-controlled study. Curr Alzheimer Res. 2013; 10:742-53. DOI:
10.2174/13892037113149990144 [PubMed: 23968157]

Gispert JD, Monté GC, Falcon C, Tucholka A, Rojas S, Sanchez-Valle R, Antonell A, Llad6 A,
Rami L, Molinuevo JL. CSF YKL-40 and pTaul81 are related to different cerebral morphometric
patterns in early AD. Neurobiol Aging. 2016; 38:47-55. DOI: 10.1016/j.neurobiolaging.
2015.10.022 [PubMed: 26827642]

Van Eldik LJ, Carrillo MC, Cole PE, Feuerbach D, Greenberg BD, Hendrix JA, Kennedy M,
Kozauer N, Margolin RA, Molinuevo JL, Mueller R, Ransohoff RM, Wilcock DM, Bain L, Bales
K. The roles of inflammation and immune mechanisms in Alzheimer’s disease. Alzheimer’s
Dement Transl Res Clin Interv. 2016; 2:99-109. DOI: 10.1016/j.trci.2016.05.001

Meira LB, Bugni JM, Green SL, Lee CW, Pang B, Borenshtein D, Rickman BH, Rogers AB,
Moroski-Erkul CA, McFaline JL, Schauer DB, Dedon PC, Fox JG, Samson LD. DNA damage
induced by chronic inflammation contributes to colon carcinogenesis in mice. J Clin Invest. 2008;
118:2516-25. DOI: 10.1172/JC135073 [PubMed: 18521188]

Sawa T, Ohshima H. Nitrative DNA damage in inflammation and its possible role in
carcinogenesis. Nitric Oxide - Biol Chem. 2006; 14:91-100. DOI: 10.1016/j.niox.2005.06.005
Peterson JW, Bo L, Moérk S, Chang A, Trapp BD. Transected neurites, apoptotic neurons, and
reduced inflammation in cortical multiple sclerosis lesions. Ann Neurol. 2001; 50:389-400. DOI:
10.1002/ana.1123 [PubMed: 11558796]

Perry VH, Cunningham C, Boche D. Atypical inflammation in the central nervous system in prion
disease. Curr Opin Neurol. 2002; 15:349-354. DOI: 10.1097/00019052-200206000-00020
[PubMed: 12045736]

Nimmo AJ, Cernak I, Heath DL, Hu X, Bennett CJ, Vink R. Neurogenic inflammation is
associated with development of edema and functional deficits following traumatic brain injury in
rats. Neuropeptides. 2004; 38:40-47. DOI: 10.1016/j.npep.2003.12.003 [PubMed: 15003715]
Tynan RJ, Naicker S, Hinwood M, Nalivaiko E, Buller KM, Pow DV, Day TA, Walker FR. Chronic
stress alters the density and morphology of microglia in a subset of stress-responsive brain regions.
Brain Behav Immun. 2010; 24:1058-1068. DOI: 10.1016/j.bbi.2010.02.001 [PubMed: 20153418]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 11

Brilinsgaard H, Pedersen BK. Age-related inflammatory cytokines and disease. Immunol Allergy
Clin North Am. 2003; 23:15-39. DOI: 10.1016/S0889-8561(02)00056-5 [PubMed: 12645876]

Malm TM, Koistinaho M, Pérepalo M, Vatanen T, Ooka A, Karlsson S, Koistinaho J. Bone-
marrow-derived cells contribute to the recruitment of microglial cells in response to g-amyloid
deposition in APP/PS1 double transgenic Alzheimer mice. Neurobiol Dis. 2005; 18:134-142.
DOI: 10.1016/j.nbd.2004.09.009 [PubMed: 15649704]

Andreasson Kl, Savonenko a, Vidensky S, Goellner JJ, Zhang Y, Shaffer a, Kaufmann WE, Worley
PF, Isakson P, Markowska aL. Age-dependent cognitive deficits and neuronal apoptosis in
cyclooxygenase-2 transgenic mice. J Neurosci. 2001; 21:8198-8209. 21/20/8198 [pii]. [PubMed:
11588192]

Murray CA, Lynch MA. Evidence That Increased Hippocampal Expression of the Cytokine
Interleukin-1p Is a Common Trigger for Age- and Stress-Induced Impairments in Long-Term
Potentiation. J Neurosci. 1998; 18:2974-2981. http://www.jneurosci.org/content/18/8/2974.
[PubMed: 9526014]

Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein DL, Jacobs AH, Wyss-
Coray T, Vitorica J, Ransohoff RM, Herrup K, Frautschy SA, Finsen B, Brown GC, Verkhratsky
A, Yamanaka K, Koistinaho J, Latz E, Halle A, Petzold GC, Town T, Morgan D, Shinohara ML,
Perry VH, Holmes C, Bazan NG, Brooks DJ, Hunot S, Joseph B, Deigendesch N, Garaschuk O,
Boddeke E, Dinarello CA, Breitner JC, Cole GM, Golenbock DT, Kummer MP.
Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015; 14:388-405. DOI: 10.1016/
S1474-4422(15)70016-5 [PubMed: 25792098]

Sailer M, Fischl B, Salat D, Tempelmann C, Schénfeld MA, Busa E, Bodammer N, Heinze HJ,
Dale A. Focal thinning of the cerebral cortex in multiple sclerosis. Brain. 2003; 126:1734-1744.
DOI: 10.1093/brainfawg175 [PubMed: 12805100]

McAfoose J, Baune BT. Evidence for a cytokine model of cognitive function. Neurosci Biobehav
Rev. 2009; 33:355-366. DOI: 10.1016/j.neubiorev.2008.10.005 [PubMed: 18996146]

Flannery BM, Bruun DA, Rowland DJ, Banks CN, Austin AT, Kukis DL, Li Y, Ford BD, Tancredi
DJ, Silverman JL, Cherry SR, Lein PJ. Persistent neuroinflammation and cognitive impairment in
a rat model of acute diisopropylfluorophosphate intoxication. J Neuroinflammation. 2016;
13:267.doi: 10.1186/512974-016-0744-y [PubMed: 27733171]

Rojo LE, Fernandez JA, Maccioni AA, Jimenez JM, Maccioni RB. Neuroinflammation:
Implications for the Pathogenesis and Molecular Diagnosis of Alzheimer’s Disease. Arch Med
Res. 2008; 39:1-16. DOI: 10.1016/j.arcmed.2007.10.001 [PubMed: 18067990]

Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, Cooper NR, Eikelenboom P,
Emmerling M, Fiebich BL, Finch CE, Frautschy S, Griffin WST, Hampel H, Hull M, Landreth G,
Lue LF, Mrak R, MacKenzie IR, McGeer PL, O’Banion MK, Pachter J, Pasinetti G, Plata-Salaman
C, Rogers J, Rydel R, Shen Y, Streit W, Strohmeyer R, Tooyoma I, Van Muiswinkel FL, Veerhuis
R, Walker D, Webster S, Wegrzyniak B, Wenk G, Wyss-Coray T. Inflammation and Alzheimer’s
disease. Neurobiol Aging. 2000; 21:383-421. DOI: 10.1016/S0197-4580(00)00124-X [PubMed:
10858586]

Ferrari CC, Pott Godoy MC, Tarelli R, Chertoff M, Depino AM, Pitossi FJ. Progressive
neurodegeneration and motor disabilities induced by chronic expression of IL-1p in the substantia
nigra. Neurobiol Dis. 2006; 24:183-193. DOI: 10.1016/j.nbd.2006.06.013 [PubMed: 16901708]
Mrak RE. Neuropathology and the neuroinflammation idea. J Alzheimer’s Dis. 2009; 18:473-481.
DOI: 10.3233/JAD-2009-1158 [PubMed: 19584454]

Morales |, Guzman-Martinez L, Cerda-Troncoso C, Farias GA, Maccioni RB. Neuroinflammation
in the pathogenesis of Alzheimer’s disease. A rational framework for the search of novel
therapeutic approaches. Front Cell Neurosci. 2014; 8:112.doi: 10.3389/fncel.2014.00112
[PubMed: 24795567]

Krstic D, Knuesel 1. Deciphering the mechanism underlying late-onset Alzheimer disease. Nat Rev
Neurol. 2013; 9:25-34. DOI: 10.1038/nrneurol.2012.236 [PubMed: 23183882]

Lee JW, Lee YK, Yuk DY, Choi DY, Ban SB, Oh KW, Hong JT. Neuro-inflammation induced by
lipopolysaccharide causes cognitive impairment through enhancement of beta-amyloid generation.
J Neuroinflammation. 2008; 5:37.doi: 10.1186/1742-2094-5-37 [PubMed: 18759972]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.


http://www.jneurosci.org/content/18/8/2974

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Page 12

Sheng JG, Bora SH, Xu G, Borchelt DR, Price DL, Koliatsos VE. Lipopolysaccharide-induced-
neuroinflammation increases intracellular accumulation of amyloid precursor protein and amyloid
beta peptide in APPswe transgenic mice. Neurobiol Dis. 2003; 14:133-145. DOI: 10.1016/
S0969-9961(03)00069-X [PubMed: 13678674]

Krstic D, Knuesel I. Deciphering the mechanism underlying late-onset Alzheimer disease. Nat Rev
Neurol. 2012; 9:25-34. DOI: 10.1038/nrneurol.2012.236 [PubMed: 23183882]

Moore, aH, Wu, M., Shaftel, SS., Graham, Ka, O’Banion, MK. Sustained expression of
interleukin-1beta in mouse hippocampus impairs spatial memory. Neuroscience. 2009; 164:1484—
95. DOI: 10.1016/j.neuroscience.2009.08.073 [PubMed: 19744544]

Burton MD, Johnson RW. Interleukin-6 trans-signaling in the senescent mouse brain is involved in
infection-related deficits in contextual fear conditioning. Brain Behav Immun. 2012; 26:732-738.
DOI: 10.1016/j.bbi.2011.10.008 [PubMed: 22062497]

GRIFFIN WST, STANLEY LC, LING C, WHITE L, MACLEOD V, PERROT LJ, WHITE CL,
ARAOZ C. Brain Interleukin-1 and S-100 Immunoreactivity Are Elevated in Down Syndrome and
Alzheimer-Disease. Proc Natl Acad Sci U S A. 1989; 86:7611-7615. http://
eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?
dbfrom=pubmed&id=2529544&retmode=ref&cmd=prlinks%255Cnfile:///Users/
alexanderrenziehausen/Documents/Papers2/Articles/1989/GRIFFIN/Proc. [PubMed: 2529544]
Breunig JJ, Guillot-Sestier MV, Town T. Brain injury, neuroinflammation and Alzheimer’s disease.
Front Aging Neurosci. 2013; 5:1-10. DOI: 10.3389/fnagi.2013.00026 [PubMed: 23430962]

Tai LM, Ghura S, Koster KP, Liakaite V, Maienschein-Cline M, Kanabar P, Collins N, Ben-Aissa
M, Lei AZ, Bahroos N, Green SJ, Hendrickson B, Van Eldik LJ, LaDu MJ. APOE-modulated AB-
induced neuroinflammation in Alzheimer’s disease: Current landscape, novel data, and future
perspective. J Neurochem. 2015; 133:465-488. DOI: 10.1111/jnc.13072 [PubMed: 25689586]

Goshen I, Yirmiya R. Interleukin-1 (IL-1): A central regulator of stress responses. Front
Neuroendocrinol. 2009; 30:30-45. DOI: 10.1016/j.yfrne.2008.10.001 [PubMed: 19017533]
Kitazawa M, Cheng D, Tsukamoto MR, Koike MA, Wes PD, Vasilevko V, Cribbs DH, LaFerla
FM. Blocking IL-1 signaling rescues cognition, attenuates tau pathology, and restores neuronal -
catenin pathway function in an Alzheimer’s disease model. J Immunol. 2011; 187:6539-49. DOI:
10.4049/jimmunol.1100620 [PubMed: 22095718]

Fiala M, Lin J, Ringman J, Kermani-Arab V, Tsao G, Patel A, Lossinsky AS, Graves MC,
Gustavson A, Sayre J, Sofroni E, Suarez T, Chiappelli F, Bernard G. Ineffective phagocytosis of
amyloid-beta by macrophages of Alzheimer’s disease patients. J Alzheimers Dis. 2005; 7:221—
232. 262. [PubMed: 16006665]

Badoer E. Microglia: Activation in acute and chronic inflammatory states and in response to
cardiovascular dysfunction. Int J Biochem Cell Biol. 2010; 42:1580-1585. DOI: 10.1016/j.biocel.
2010.07.005 [PubMed: 20638485]

Morioka T, Kalehua AN, Streit WJ. Characterization of microglial reaction after middle cerebral
artery occlusion in rat brain. J Comp Neurol. 1993; 327:123-132. DOI: 10.1002/cne.903270110
[PubMed: 8432904]

Della Bianca V, Dusi S, Bianchini E, Dal Pra I, Rossi F. B-amyloid activates the O2/--forming
NADPH oxidase in microglia, monocytes, and neutrophils. A possible inflammatory mechanism
of neuronal damage in Alzheimer’s disease. J Biol Chem. 1999; 274:15493-15499. DOI: 10.1074/
jbc.274.22.15493 [PubMed: 10336441]

Klegeris A, McGeer PL. B-amyloid protein enhances macrophage production of oxygen free
radicals and glutamate. J Neurosci Res. 1997; 49:229-235. DOI: 10.1002/
(SICI)1097-4547(19970715)49:2<229::AID-JNR11>3.0.CO;2-W [PubMed: 9272645]

McDonald DR, Brunden KR, Landreth GE. Amyloid fibrils activate tyrosine kinase-dependent
signaling and superoxide production in microglia. J Neurosci. 1997; 17:2284-94. http://
www.nchi.nlm.nih.gov/pubmed/9065490. [PubMed: 9065490]

Tremblay ME, Lowery RL, Majewska AK. Microglial interactions with synapses are modulated by
visual experience. PLoS Biol. 2010; 8doi: 10.1371/journal.pbio.1000527

Kano M, Hashimoto K. Synapse elimination in the central nervous system. Curr Opin Neurobiol.
2009; 19:154-161. DOI: 10.1016/j.conb.2009.05.002 [PubMed: 19481442]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.


http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=2529544&retmode=ref&cmd=prlinks%255Cnfile:///Users/alexanderrenziehausen/Documents/Papers2/Articles/1989/GRIFFIN/Proc
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=2529544&retmode=ref&cmd=prlinks%255Cnfile:///Users/alexanderrenziehausen/Documents/Papers2/Articles/1989/GRIFFIN/Proc
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=2529544&retmode=ref&cmd=prlinks%255Cnfile:///Users/alexanderrenziehausen/Documents/Papers2/Articles/1989/GRIFFIN/Proc
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=2529544&retmode=ref&cmd=prlinks%255Cnfile:///Users/alexanderrenziehausen/Documents/Papers2/Articles/1989/GRIFFIN/Proc
http://www.ncbi.nlm.nih.gov/pubmed/9065490
http://www.ncbi.nlm.nih.gov/pubmed/9065490

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Page 13

Wake H, Moorhouse AJ, Miyamoto A, Nabekura J. Microglia: Actively surveying and shaping
neuronal circuit structure and function. Trends Neurosci. 2013; 36:209-217. DOI: 10.1016/j.tins.
2012.11.007 [PubMed: 23260014]

Schwartz JP. Microglia Function in Central Nervous System Development and Plasticity. Cold
Spring Harb Perspect Biol. 2015; 42:877-882. DOI: 10.1016/51054-3589(08)60887-x

Frakes AE, Ferraiuolo L, Haidet-Phillips AM, Schmelzer L, Braun L, Miranda CJ, Ladner KJ,
Bevan AK, Foust KD, Godbout JP, Popovich PG, Guttridge DC, Kaspar BK. Microglia induce
motor neuron death via the classical NF-xB pathway in amyotrophic lateral sclerosis. Neuron.
2014; 81:1009-1023. DOI: 10.1016/j.neuron.2014.01.013 [PubMed: 24607225]

Gupta S, Sundaram C, Reuter S, Aggarwal B. Inhibiting NF-kB Activation by Small Molecules As
a Therapeutic Strategy. Biochim Biophys Acta. 2011; 1799:775-787. DOI: 10.1016/j.bbagrm.
2010.05.004.Inhibiting

Sierra A, Encinas JM, Deudero JJP, Chancey JH, Enikolopov G, Overstreet-Wadiche LS, Tsirka
SE, Maletic-Savatic M. Microglia shape adult hippocampal neurogenesis through apoptosis-
coupled phagocytosis. Cell Stem Cell. 2010; 7:483-495. DOI: 10.1016/j.stem.2010.08.014
[PubMed: 20887954]

Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis Ka, Salvado O, Szoeke C, Macaulay SL,
Martins R, Maruff P, Ames D, Rowe CC, Masters CL. Amyloid B deposition, neurodegeneration,
and cognitive decline in sporadic Alzheimer’s disease: a prospective cohort study. Lancet Neurol.
2013; 12:357-67. DOI: 10.1016/S1474-4422(13)70044-9 [PubMed: 23477989]

Kleinberger G, Yamanishi Y, Suarez-Calvet M, Czirr E, Lohmann E, Cuyvers E, Struyfs H, Pettkus
N, Wenninger-Weinzierl A, Mazaheri F, Tahirovic S, Lleo A, Alcolea D, Fortea J, Willem M,
Lammich S, Molinuevo JL, Sanchez-Valle R, Antonell A, Ramirez A, Heneka MT, Sleegers K,
van der Zee J, Martin JJ, Engelborghs S, Demirtas-Tatlidede A, Zetterberg H, Van Broeckhoven C,
Gurvit H, Wyss-Coray T, Hardy J, Colonna M, Haass C. TREM2 mutations implicated in
neurodegeneration impair cell surface transport and phagocytosis. Sci Transl Med. 2014;
6:243ra86-243ra86. DOI: 10.1126/scitransImed.3009093

Cunningham C. Microglia and neurodegeneration: The role of systemic inflammation. Glia. 2013;
61:71-90. DOI: 10.1002/glia.22350 [PubMed: 22674585]

Orihuela R, McPherson CA, Harry GJ. Microglial M1/M2 polarization and metabolic states. Br J
Pharmacol. 2016; 173:649-665. DOI: 10.1111/bph.13139 [PubMed: 25800044]

Sierra A, Gottfried-Blackmore AC, Mcewen BS, Bulloch K. Microglia derived from aging mice
exhibit an altered inflammatory profile. Glia. 2007; 55:412-424. DOI: 10.1002/glia.20468
[PubMed: 17203473]

Khasnavis S, Jana A, Wood T, Ghosh S, Khasnavis S, Jana A, Roy A, Wood T, Ghosh S.
Suppression of nuclear factor-kappa B activation and inflammation in microglia by a physically-
modified saline. J Biol Chem. 2012; doi: 10.1074/jbc.M111.338012

Ramaglia V, Hughes TR, Donev RM, Ruseva MM, Wu X, Huitinga I, Baas F, Neal JW, Morgan
BP. C3-dependent mechanism of microglial priming relevant to multiple sclerosis. Proc Natl Acad
Sci U S A. 2012; 109:965-70. DOI: 10.1073/pnas.1111924109 [PubMed: 22219359]

Bodea LG, Wang Y, Linnartz-Gerlach B, Kopatz J, Sinkkonen L, Musgrove R, Kaoma T, Muller A,
Vallar L, Di Monte DA, Balling R, Neumann H. Neurodegeneration by Activation of the
Microglial Complement—Phagosome Pathway. J Neurosci. 2014; 34:8546—-LP-8556. http://
Www.jneurosci.org/content/34/25/8546.abstract. [PubMed: 24948809]

Perry VH. Contribution of systemic inflammation to chronic neurodegeneration. Acta Neuropathol.
2010; 120:277-286. DOI: 10.1007/s00401-010-0722-x [PubMed: 20644946]

Cunningham C, Wilcockson DC, Campion S, Lunnon K, Perry VVH. Central and systemic
endotoxin challenges exacerbate the local inflammatory response and increase neuronal death
during chronic neurodegeneration. J Neurosci. 2005; 25:9275-84. DOI: 10.1523/JNEUROSCI.
2614-05.2005 [PubMed: 16207887]

Buckwalter MS, Wyss-Coray T. Modelling neuroinflammatory phenotypes in vivo. J
Neuroinflammation. 2004; 1:10.doi: 10.1186/1742-2094-1-10 [PubMed: 15285805]

Wyss-Coray T, Mucke L. Inflammation in Neurodegenerative Disease—A Double-Edged Sword.
Neuron. 2002; 35:419-432. DOI: 10.1016/S0896-6273(02)00794-8 [PubMed: 12165466]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.


http://www.jneurosci.org/content/34/25/8546.abstract
http://www.jneurosci.org/content/34/25/8546.abstract

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

103.

104.

105.

106.

107.

108.

Page 14

Ben Menachem-Zidon O, Avital A, Ben-Menahem Y, Goshen I, Kreisel T, Shmueli EM, Segal M,
Ben Hur T, Yirmiya R. Astrocytes support hippocampal-dependent memory and long-term
potentiation via interleukin-1 signaling. Brain Behav Immun. 2011; 25:1008-1016. DOI: 10.1016/
j.bbi.2010.11.007 [PubMed: 21093580]

Mrak RE, Griffin WST. Potential inflammatory biomarkers in Alzheimer’s disease. J Alzheimers
Dis. 2005; 8:369-75. http://www.nchi.nlm.nih.gov/pubmed/16556968. [PubMed: 16556968]

Yirmiya R, Goshen I. Immune modulation of learning, memory, neural plasticity and neurogenesis.
Brain Behav Immun. 2011; 25:181-213. DOI: 10.1016/j.bbi.2010.10.015 [PubMed: 20970492]

Katsuki H, Nakai S, Hirai Y, Akaji K, Kiso Y, Satoh M. Interleukin-1 beta inhibits long-term
potentiation in the CA3 region of mouse hippocampal slices. Eur J Pharmacol. 1990; 181:323-6.
DOI: 10.1016/0014-2999(90)90099-R [PubMed: 2166677]

Bellinger FP, Madamba S, Siggins GR. Interleukin 1 beta inhibits synaptic strength and long-term
potentiation in the rat CA1 hippocampus. Brain Res. 1993; 628:227-234. 0006-8993(93)90959-Q
[pii]. [PubMed: 8313151]

Cunningham, aJ, Murray, Ca, O’Neill, La, Lynch, Ma, O’Connor, JJ. Interleukin-1 beta (IL-1 beta)
and tumour necrosis factor (TNF) inhibit long-term potentiation in the rat dentate gyrus in vitro.
Neurosci Lett. 1996; 203:17-20. http://dx.doi.org/10.1016/0304-3940(95)12252-4. [PubMed:
8742036]

Griffin R, Nally R, Nolan Y, McCartney Y, Linden J, Lynch MA. The age-related attenuation in
long-term potentiation is associated with microglial activation. J Neurochem. 2006; 99:1263-1272.
DOI: 10.1111/j.1471-4159.2006.04165.x [PubMed: 16981890]

Hein AM, Stasko MR, Matousek SB, Scott-McKean JJ, Maier SF, Olschowka JA, Costa ACS,
O’Banion MK. Sustained hippocampal IL-1p overexpression impairs contextual and spatial
memory in transgenic mice. Brain Behav Immun. 2010; 24:243-253. DOI: 10.1016/j.bbi.
2009.10.002 [PubMed: 19825412]

Shaftel SS, Kyrkanides S, Olschowka JA, Miller JNH, Johnson RE, O'Banion MK. Sustained
hippocampal IL-1p overexpression mediates chronic neuroinflammation and ameliorates
Alzheimer plaque pathology. J Clin Invest. 2007; 117:1595-1604. DOI: 10.1172/JCI31450
[PubMed: 17549256]

. Townsend KP, Town T, Mori T, Lue LF, Shytle D, Sanberg PR, Morgan D, Fernandez F, Flavell
RA, Tan J. CD40 signaling regulates innate and adaptive activation of microglia in response to
amyloid B-peptide. Eur J Immunol. 2005; 35:901-910. DOI: 10.1002/eji.200425585 [PubMed:
15688347]

Qiao X, Cummins DJ, Paul SM. Neuroinflammation-induced acceleration of amyloid deposition
in the APPV717F transgenic mouse. Eur J Neurosci. 2001; 14:474-482. DOI: 10.1046/j.
0953-816X.2001.01666.x [PubMed: 11553297]

Weitz TM, Town T. Microglia in alzheimer’s disease: It’s all about context. Int J Alzheimers Dis.
2012; doi: 10.1155/2012/314185

Wyss-Coray T. Inflammation in Alzheimer disease: driving force, bystander or beneficial
response? Nat Med. 2006; 12:1005-1015. DOI: 10.1038/nm1484 [PubMed: 16960575]

Ophir G, Amariglio N, Jacob-Hirsch J, Elkon R, Rechavi G, Michaelson DM. Apolipoprotein E4
enhances brain inflammation by modulation of the NF-kappaB signaling cascade. Neurobiol Dis.
2005; 20:709-718. DOI: 10.1016/j.nbd.2005.05.002 [PubMed: 15979312]

Town T, Nikolic V, Tan J. The microglial “activation” continuum: from innate to adaptive
responses. J Neuroinflammation. 2005; 2:24.doi: 10.1186/1742-2094-2-24 [PubMed: 16259628]
Eagleson KL, Fairfull LD, Salton SR, Levitt P. Regional differences in neurotrophin availability
regulate selective expression of VGF in the developing limbic cortex. J Neurosci. 2001; 21:9315-
9324. 21/23/9315 [pii]. [PubMed: 11717365]

Chang MC, Park JM, Pelkey KA, Grabenstatter HL, Xu D, Linden DJ, Sutula TP, McBain CJ,
Worley PF. Narp regulates homeostatic scaling of excitatory synapses on parvalbumin-expressing
interneurons. Nat Neurosci. 2010; 13:1090-1097. DOI: 10.1038/nn.2621 [PubMed: 20729843]
Bartolomucci A, Pasinetti GM, Salton SRJ. Granins as disease-biomarkers: Translational
potential for psychiatric and neurological disorders. Neuroscience. 2010; 170:289-297. DOI:
10.1016/j.neuroscience.2010.06.057 [PubMed: 20600637]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.


http://www.ncbi.nlm.nih.gov/pubmed/16556968
http://dx.doi.org/10.1016/0304-3940(95)12252-4

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Page 15

Burton EJ, Barber R, Mukaetova-Ladinska EB, Robson J, Perry RH, Jaros E, Kalaria RN,
O’Brien JT. Medial temporal lobe atrophy on MRI differentiates Alzheimer’s disease from
dementia with Lewy bodies and vascular cognitive impairment: a prospective study with
pathological verification of diagnosis. Brain. 2009; 132:195-203. DOI: 10.1093/brain/awn298
[PubMed: 19022858]

Crews L, Masliah E. Molecular mechanisms of neurodegeneration in Alzheimer’s disease. Hum
Mol Genet. 2010; 19doi: 10.1093/hmg/ddq160

Dutta R, Chang A, Doud MK, Kidd GJ, Ribaudo MV, Young EA, Fox RJ, Staugaitis SM, Trapp
BD. Demyelination causes synaptic alterations in hippocampi from multiple sclerosis patients.
Ann Neurol. 2011; 69:445-454. DOI: 10.1002/ana.22337 [PubMed: 21446020]

Mancini A, Gaetani L, Di Gregorio M, Tozzi A, Ghiglieri V, Calabresi P, Di Filippo M.
Hippocampal neuroplasticity and inflammation: relevance for multiple sclerosis. Mult Scler
Demyelinating Disord. 2017; 2:2.doi: 10.1186/s40893-017-0019-1

Donovan MH, Yazdani U, Norris RD, Games D, German DC, Eisch AJ. Decreased adult
hippocampal neurogenesis in the PDAPP mouse model of Alzheimer’s disease. J Comp Neurol.
2006; 495:70-83. DOI: 10.1002/cne.20840 [PubMed: 16432899]

Jin K, Galvan V, Xie L, Mao XO, Gorostiza OF, Bredesen DE, Greenberg DA. Enhanced
neurogenesis in Alzheimer’s disease transgenic (PDGF-APPSw,Ind) mice. Proc Natl Acad Sci U
S A. 2004; 101:13363-13367. DOI: 10.1073/pnas.0403678101 [PubMed: 15340159]

Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, Hansen LA, Katzman R.
Physical basis of cognitive alterations in alzheimer’s disease: Synapse loss is the major correlate
of cognitive impairment. Ann Neurol. 1991; 30:572-580. DOI: 10.1002/ana.410300410
[PubMed: 1789684]

Brown J, Cooper-Kuhn CM, Kempermann G, Van Praag H, Winkler J, Gage FH, Kuhn HG.
Enriched environment and physical activity stimulate hippocampal but not olfactory bulb
neurogenesis. Eur J Neurosci. 2003; 17:2042—2046. DOI: 10.1046/j.1460-9568.2003.02647.x
[PubMed: 12786970]

Herrup K. The case for rejecting the amyloid cascade hypothesis. Nat Neurosci. 2015; 18:794—
799. DOI: 10.1038/nn.4017 [PubMed: 26007212]

Berchtold NC, Cribbs DH, Coleman PD, Rogers J, Head E, Kim R, Beach T, Miller C, Troncoso
J, Trojanowski JQ, Zielke HR, Cotman CW. Gene expression changes in the course of normal
brain aging are sexually dimorphic. Proc Natl Acad Sci U S A. 2008; 105:15605-10. DOI:
10.1073/pnas.0806883105 [PubMed: 18832152]

Berchtold NC, Sabbagh MN, Beach TG, Kim RC, Cribbs DH, Cotman CW. Brain gene
expression patterns differentiate mild cognitive impairment from normal aged and Alzheimer’s
disease. Neurobiol Aging. 2014; 35:1961-1972. DOI: 10.1016/j.neurobiolaging.2014.03.031
[PubMed: 24786631]

Saura, Ca, Parra-Damas, A., Enriquez-Barreto, L. Gene expression parallels synaptic excitability
and plasticity changes in Alzheimer’s disease. Front Cell Neurosci. 2015; 9:318.doi: 10.3389/
fncel.2015.00318 [PubMed: 26379494]

Lu T, Pan 'Y, Kao S-Y, Li C, Kohane I, Chan J, Yankner Ba. Gene regulation and DNA damage in
the ageing human brain. Nature. 2004; 429:883-891. DOI: 10.1038/nature02618.1 [PubMed:
15190254]

Bishop NA, Lu T, Yankner BA. Neural mechanisms of ageing and cognitive decline. Nature.
2010; 464:529-535. DOI: 10.1038/nature08983 [PubMed: 20336135]

Blalock EM, Chen KC, Sharrow K, Herman JP, Porter NM, Foster TC, Landfield PW. Gene
microarrays in hippocampal aging: statistical profiling identifies novel processes correlated with
cognitive impairment. J Neurosci. 2003; 23:3807-3819. 23/9/3807 [pii]. [PubMed: 12736351]
Grosche J, Matyash V, Méller T, Verkhratsky a, Reichenbach a, Kettenmann H. Microdomains for
neuron-glia interaction: parallel fiber signaling to Bergmann glial cells. Nat Neurosci. 1999;
2:139-43. DOI: 10.1038/5692 [PubMed: 10195197]

Ventura R, Harris KM. Three-dimensional relationships between hippocampal synapses and
astrocytes. J Neurosci. 1999; 19:6897-6906. MO1. [PubMed: 10436047]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Page 16

Witcher MR, Kirov SA, Harris KM. Plasticity of perisynaptic astroglia during synaptogenesis in
the mature rat hippocampus. Glia. 2007; 55:13-23. DOI: 10.1002/glia.20415 [PubMed:
17001633]

Ben Achour S, Pascual O. Glia: The many ways to modulate synaptic plasticity. Neurochem Int.
2010; 57:440-445. DOI: 10.1016/j.neuint.2010.02.013 [PubMed: 20193723]

Clark AK, Gruber-Schoffnegger D, Drdla-Schutting R, Gerhold KJ, Malcangio M, Sandkuhler J.
Selective activation of microglia facilitates synaptic strength. J Neurosci. 2015; 35:4552-70.
DOI: 10.1523/JNEUROSCI.2061-14.2015 [PubMed: 25788673]

Vereker E, O’Donnell E, Lynch MA. The inhibitory effect of interleukin-1beta on long-term
potentiation is coupled with increased activity of stress-activated protein kinases. J Neurosci.
2000; 20:6811-9. 20/18/6811 [pii]. [PubMed: 10995825]

Garlanda C, Maina V, Cotena A, Moalli F. The soluble pattern recognition receptor pentraxin-3 in
innate immunity, inflammation and fertility. J Reprod Immunol. 2009; 83:128-133. DOI:
10.1016/j.jri.2009.05.006 [PubMed: 19900712]

Garlanda C, Bottazzi B, Bastone A, Mantovani A. Pentraxins At the Crossroads Between Innate
Immunity, Inflammation, Matrix Deposition, and Female Fertility. Annu Rev Immunol. 2005;
23:337-366. DOI: 10.1146/annurev.immunol.23.021704.115756 [PubMed: 15771574]

Osera C, Pascale A, Amadio M, Venturini L, Govoni S, Ricevuti G. Pentraxins and Alzheimer’s
disease: At the interface between biomarkers and pharmacological targets. Ageing Res Rev.
2012; 11:189-198. DOI: 10.1016/j.arr.2011.12.004 [PubMed: 22186030]

Pepys MB, Baltz ML. Acute phase proteins with special reference to C-reactive protein and
related proteins (pentaxins) and serum amyloid A protein. Adv Immunol. 1983; 34:141-212.
[PubMed: 6356809]

Moalli F, Doni A, Deban L, Zelante T, Zagarella S, Bottazzi B, Romani L, Mantovani A,
Garlanda C. Role of complement and Fcry receptors in the protective activity of the long
pentraxin PTX3 against Aspergillus fumigatus. Blood. 2010; 116:5170-5180. DOI: 10.1182/
blood-2009-12-258376 [PubMed: 20829368]

Pepys MB, Hirschfield GM. C-reactive protein: A critical update. J Clin Invest. 2003; 111:1805—
1812. DOI: 10.1172/JC1200318921 [PubMed: 12813013]

Gillmore JD, Hutchinson WL, Herbert J, Bybee A, Mitchell DA, Hasserjian RP, Yamamura KI,
Suzuki M, Sabin CA, Pepys MB. Autoimmunity and glomerulonephritis in mice with targeted
deletion of the serum amyloid P component gene: SAP deficiency or strain combination?
Immunology. 2004; 112:255-264. DOI: 10.1111/j.1365-2567.2004.01860.x [PubMed:
15147569]

Bharadwaj BD, Stein MP, Volzer M, Mold C, Du Clos TW, Bharadwaj D, Stein MP, \olzer M,
Mold C, Du Clos TW, Bharadwaj BD, Stein MP, Volzer M, Mold C, Du Clos TW. The major
receptor for C-reactive protein on leukocytes is fcgamma receptor 1. J Exp Med. 1999; 190:585-
90. DOI: 10.1084/jem.190.4.585 [PubMed: 10449529]

Mold C, Baca R, Du Clos TW. Serum amyloid P component and C-reactive protein opsonize
apoptotic cells for phagocytosis through Fcgamma receptors. J Autoimmun. 2002; 19:147-54.
DOI: 10.1006/jaut.2002.0615 [PubMed: 12419285]

Bottazzi B, Doni A, Garlanda C, Mantovani A. An integrated view of humoral innate immunity:
pentraxins as a paradigm. Annu Rev Immunol. 2010; 28:157-183. DOI: 10.1146/annurev-
immunol-030409-101305 [PubMed: 19968561]

Bjartmar L, Huberman AD, Ullian EM, Renteria RC, Xu W, Prezioso J, Susman MW, Stellwagen
D, Stokes C, Cho R, Worley P, Malenka RC, Ball S, Neal S, Copenhagen D, Chapman B,
Nakamoto M, Barres BA, Perin MS. Neuronal pentraxins mediate synaptic refinement in the
developing visual system. J Neurosci. 2006; 26:6269-6281. DOI: 10.1523/JNEUROSCI.
4212-05.2006.Neuronal [PubMed: 16763034]

Bickerstaff MCM, Botto M, Hutchinson WL, Herbert J, Tennent GA, Byebee A, Mitchell DA,
Cook H, Butler PJG, Walport MJ, Pepy MB. Serum amyloid P component controls chromatin
degradation and prevents antinuclear autoimmunity. Nat Med. 1999; 5:694-697. DOI:
10.1038/9544 [PubMed: 10371509]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

Page 17

Tsui CC, Copeland NG, Gilbert DJ, Jenkins Na, Barnes C, Worley PF. Narp, a novel member of
the pentraxin family, promotes neurite outgrowth and is dynamically regulated by neuronal
activity. J Neurosci. 1996; 16:2463-2478. [PubMed: 8786423]

Biré A, Rovoé Z, Papp D, Cervenak L, Varga L, Fiist G, Thielens NM, Arlaud GJ, Prohéaszka Z.
Studies on the interactions between C-reactive protein and complement proteins. Immunology.
2007; 121:40-50. DOI: 10.1111/j.1365-2567.2007.02535.x [PubMed: 17244159]

Siegel J, Rent R, Gewurz H. Interactions of C-reactive protein with the complement system. 1.
Protamine-induced consumption of complement in acute phase sera. J Exp Med. 1974; 140:631-
47. http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=2139624&tool=pmcentrez&rendertype=abstract. [PubMed: 4472155]

Mantovani A, Garlanda C, Doni A, Bottazzi B. Pentraxins in innate immunity: From C-reactive
protein to the long pentraxin PTX3. J Clin Immunol. 2008; 28:1-13. DOI: 10.1007/
510875-007-9126-7 [PubMed: 17828584]

Hsu YC, Perin MS. Human neuronal pentraxin 11 (NPTX2): conservation, genomic structure, and
chromosomal localization. Genomics. 1995; 28:220-227. DOI: 10.1006/gen0.1995.1134
[PubMed: 8530029]

Bailey CH, Bartsch D, Kandel ER. Toward a molecular definition of long-term memory storage.
Proc Natl Acad Sci U S A. 1996; 93:13445-13452. DOI: 10.1073/pnas.93.24.13445 [PubMed:
8942955]

Elbaz I, Lerer-Goldshtein T, Okamoto H, Appelbaum L. Reduced synaptic density and deficient
locomotor response in neuronal activity-regulated pentraxin 2a mutant zebrafish. FASEB J. 2015;
29:1220-1234. DOI: 10.1096/fj.14-258350 [PubMed: 25466900]

Appelbaum L, Wang G, Yokogawa T, Skariah GM, Smith SJ, Mourrain P, Mignot E. Circadian
and homeostatic regulation of structural synaptic plasticity in hypocretin neurons. Neuron. 2010;
68:87-98. DOI: 10.1016/j.neuron.2010.09.006 [PubMed: 20920793]

Xu D, Hopf C, Reddy R, Cho RW, Guo L, Lanahan A, Petralia RS, Wenthold RJ, O’Brien RJ,
Worley P. Narp and NP1 form heterocomplexes that function in developmental and activity-
dependent synaptic plasticity. Neuron. 2003; 39:513-528. DOI: 10.1016/S0896-6273(03)00463-
X [PubMed: 12895424]

Moran LB, Hickey L, Michael GJ, Derkacs M, Christian LM, Kalaitzakis ME, Pearce RB,
Graeber MB. Neuronal pentraxin 1l is highly upregulated in Parkinson’s disease and a novel
component of Lewy bodies. Acta Neuropathol. 2008; 115:471-478. DOI: 10.1007/
s00401-007-0309-3 [PubMed: 17987278]

DeGregorio-Rocasolano N, Gasull T, Trullas R. Overexpression of neuronal pentraxin 1 is
involved in neuronal death evoked by low K+ in cerebellar granule cells. J Biol Chem. 2001;
276:796-803. DOI: 10.1074/jbc.M007967200 [PubMed: 11031272]

Figueiro-Silva J, Gruart A, Clayton KB, Podlesniy P, Abad MA, Gasull X, Delgado-Garcia JM,
Trullas R. Neuronal pentraxin 1 negatively regulates excitatory synapse density and synaptic
plasticity. J Neurosci. 2015; 35:5504-5521. DOI: 10.1523/JNEUROSCI.2548-14.2015 [PubMed:
25855168]

Dodds D, Omeis I, Cushman S, Hekms J, Perin M. Neuronal pentraxin receptor, a noval putative
integral membrane pentraxin that interacts with neuronal pentraxin 1 and 2 and taipoxin-
associated calcium-binding protein. J Biol Chem. 1997; 272:21488-21494. DOI: 10.1074/jbc.
272.34.21488 [PubMed: 9261167]

Yin JCP, Wallach JS, Del Vecchio M, Wilder EL, Zhou H, Quinn WG, Tully T. Induction of a
dominant negative CREB transgene specifically blocks long-term memory in Drosophila. Cell.
1994; 79:49-58. DOI: 10.1016/0092-8674(94)90399-9 [PubMed: 7923376]

Rayport SG, Schacher S. Synaptic plasticity in vitro: cell culture of identified Aplysia neurons
mediating short-term habituation and sensitization. J Neurosci. 1986; 6:759-763. http://
linkinghub.elsevier.com/retrieve/pii/S0166223603003333%5Cnpapers3://publication/doi/
10.1016/j.tins.2003.09.014. [PubMed: 3958793]

Bliss TVP, Collingridge GL. A synaptic model of memory: long-term potentiation in the
hippocampus.pdf. Nature. 1993; 361:31-39. DOI: 10.1038/361031a0 [PubMed: 8421494]

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.


http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2139624&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2139624&tool=pmcentrez&rendertype=abstract
http://linkinghub.elsevier.com/retrieve/pii/S0166223603003333%5Cnpapers3://publication/doi/10.1016/j.tins.2003.09.014
http://linkinghub.elsevier.com/retrieve/pii/S0166223603003333%5Cnpapers3://publication/doi/10.1016/j.tins.2003.09.014
http://linkinghub.elsevier.com/retrieve/pii/S0166223603003333%5Cnpapers3://publication/doi/10.1016/j.tins.2003.09.014

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170

171.

172.

173.

174.

175.

Page 18

Swanson A, Willette AA. Neuronal Pentraxin 2 predicts medial temporal atrophy and memory
decline across the Alzheimer’s disease spectrum. Brain Behav Immun. 2016; 58:201-208. DOI:
10.1016/j.bbi.2016.07.148 [PubMed: 27444967]

Choi YS, Hou S, Choe LH, Lee KH. Targeted human cerebrospinal fluid proteomics for the
validation of multiple Alzheimer’s disease biomarker candidates. J Chromatogr B Anal Technol
Biomed Life Sci. 2013; 930:129-135. DOI: 10.1016/j.jchromb.2013.05.003

Yin GN, Lee HW, Cho JY, Suk K. Neuronal pentraxin receptor in cerebrospinal fluid as a
potential biomarker for neurodegenerative diseases. Brain Res. 2009; 1265:158-170. DOI:
10.1016/j.brainres.2009.01.058 [PubMed: 19368810]

Ringman JM. Proteomic Changes in Cerebrospinal Fluid of Presymptomatic and Affected
Persons Carrying Familial Alzheimer Disease Mutations. Arch Neurol. 2012; 69:96.doi: 10.1001/
archneurol.2011.642 [PubMed: 22232349]

Perrin RJ, Craig-Schapiro R, Malone JP, Shah AR, Gilmore P, Davis AE, Roe CM, Peskind ER,
Li G, Galasko DR, Clark CM, Quinn JF, Kaye JA, Morris JC, Holtzman DM, Townsend RR,
Fagan AM. Identification and Validation of Novel Cerebrospinal Fluid Biomarkers for Staging
Early Alzheimer’s Disease. PLoS One. 2011; 6:e16032.doi: 10.1371/journal.pone.0016032
[PubMed: 21264269]

Xiao MF, Xu D, Craig MT, Pelkey KA, Chien CC, Shi Y, Zhang J, Resnick S, Pletnikova O,
Salmon D, Brewer J, Edland S, Wegiel J, Tycko B, Savonenko A, Reeves RH, Troncoso JC,
McBain CJ, Galasko D, Worley PF. NPTX2 and cognitive dysfunction in Alzheimer’s Disease.
Elife. 2017; 6:1-27. DOI: 10.7554/eL.ife.23798

Vanguilder HD, Farley JA, Yan H, Van Kirk CA, Sonntag WE, Freeman WM. Hippocampal
dysregultaion of synaptic plasticity-associated proteins with agr-related cognitive decline. 2012;
43:201-212. DOI: 10.1016/j.nbd.2011.03.012.Hippocampal

Schuitemaker A, Dik MG, Veerhuis R, Scheltens P, Schoonenboom NSM, Hack CE, Blankenstein
MA, Jonker C. Inflammatory markers in AD and MCI patients with different biomarker profiles.
Neurobiol Aging. 2009; 30:1885-1889. DOI: 10.1016/j.neurobiolaging.2008.01.014 [PubMed:
18378357]

Gupta A, Watkins A, Thomas P, Majer R, Habubi N, Morris G, Pansari K. Coagulation and
inflammatory markers in Alzheimer’s and vascular dementia. Int J Clin Pract. 2005; 59:52-57.
DOI: 10.1111/j.1742-1241.2004.00143.x [PubMed: 15707465]

Locascio JJ, Fukumoto H, Yap L, Bottiglieri T, Growdon JH, Hyman BT, Irizarry MC. Plasma
amyloid beta-protein and C-reactive protein in relation to the rate of progression of Alzheimer
disease. Arch Neurol. 2008; 65:776-785. DOI: 10.1001/archneur.65.6.776 [PubMed: 18541797]
O’Bryant SE, Waring SC, Hobson V, Hall JR, Moore CB, Bottiglieri T, Massman P, Diaz-Arrastia
R. Decreased C-reactive protein levels in Alzheimer disease. J Geriatr Psychiatry Neurol. 2010;
23:49-53. DOI: 10.1177/0891988709351832 [PubMed: 19933496]

Galimberti D, Scarpini E. Disease-modifying treatments for Alzheimer’s disease. Ther Adv
Neurol Disord. 2011; 4:203-216. DOI: 10.1177/1756285611404470 [PubMed: 21765871]

. Aisen PS, Schmeidler J, Pasinetti GM. Randomized pilot study of nimesulide treatment in
alzheimer’s disease. Neurology. 2002; 58:1050-1054. DOI: 10.1212/WNL.58.7.1050 [PubMed:
11940691]

Rogers J, Kirby LC, Hempelman SR, Berry DL, McGeer PL, Kaszniak AW, Zalinski J, Cofield
M, Mansukhani L, Willson P, Kogan F. Clinical trial of indomethacin in Alzheimer’s disease.
Neurology. 1993; 43:1609-1609. DOI: 10.1212/WNL..43.8.1609 [PubMed: 8351023]

Jick H, Zornberg GL, Jick SS, Seshadri S, Drachman DA. Statins and the risk of dementia.
Lancet. 2000; 356:1627-31. DOI: 10.1016/S0140-6736(00)03155-X [PubMed: 11089820]
Yiannopoulou KG, Papageorgiou SG. Current and future treatments for Alzheimer’s disease. Ther
Adv Neurol Disord. 2013; 6:19-33. DOI: 10.1177/1756285612461679 [PubMed: 23277790]
Spires-Jones TL, Hyman B. The Intersection of Amyloid Beta and Tau at Synapses in
Alzheimer’s Disease. Neuron. 2014; 82:756-771. DOI: 10.1016/j.neuron.2014.05.004 [PubMed:
24853936]

Andreev VP, Petyuk VA, Brewer HM, Karpievitch YV, Xie F, Clarke J, Camp D, Smith RD,
Lieberman AP, Albin RL, Nawaz Z, EI Hokayem J, Myers AJ. Label-free quantitative LC-MS

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Swanson et al.

Page 19

proteomics of alzheimer’s disease and normally aged human brains. J Proteome Res. 2012;
11:3053-3067. DOI: 10.1021/pr3001546 [PubMed: 22559202]

176. Musunuri S, Wetterhall M, Ingelsson M, Lannfelt L, Artemenko K, Bergquist J, Kultima K,
Shevchenko G. Quantification of the brain proteome in Alzheimer’s disease using multiplexed
mass spectrometry. J Proteome Res. 2014; 13:2056-2068. DOI: 10.1021/pr401202d [PubMed:
24606058]

177. Xiao M-F, Xu D, Craig MT, Pelkey KA, Chien C-C, Shi Y, Zhang J, Resnick S, Pletnikova O,
Salmon D, Brewer J, Edland S, Wegiel J, Tycko B, Savonenko A, Reeves RH, Troncoso JC,
McBain CJ, Galasko D, Worley PF. NPTX2 and cognitive dysfunction in Alzheimer’s Disease.
Elife. 2017; 6doi: 10.7554/eL ife.23798

Behav Brain Res. Author manuscript; available in PMC 2018 July 16.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Swanson et al.

Page 20

Table A.1

Summary of Biomarkers Under Investigation

Biomolecule/Biomarker

Proposed M echanism/Rationale

Pentraxins

Neuronal pentraxin 1 (NP1)
Neuronal pentraxin receptor
(NPR)

Pentraxin 3 (PTX3)

C-reactive protein (CRP)

Neuronal pentraxin 2 (NPTX2)

NP1, PTX3, and NPR function similarly to acute phase proteins in response to inflammatory stimuli by
activating the complement system and clearing extracellular pathogens, synaptic debris, and toxins from
the neurons. This enables them to play a role in protection and modulation of synaptic plasticity
[113,114,134]. Upregulated expression is associated with systemic inflammation that increases neuronal
death and contributes to neurodegeneration [88].

CRP acts as an activator of the complement C system allowing it to play a protective role in modulating
and balancing inflammatory reactions, repairing tissue, and increasing adaptive immunity
[143,144,139,131,145].

NPTX2 acts in the acute phase of immunity to aid in clearance of extracellular debris which allows for
increased synaptic plasticity potential and memory [154,148,147,157,156,155]. It is able to predict up to
56% of variance in memory decline over 2 years with higher levels corresponding to less brain atrophy
and memory decline. NPTX2 may hold some neuroprotective effects and potentially predict progression
of MCI to AD [158,159,161,160,162]. Downregulated NPTX2 expression corresponds to extensively
reduced GluA4 in AD potentially leading to greater cognitive decline, and NPTX2 may be a good
biomarker and mechanistic target regarding AD [177,166-168,132,165].

Cytokines

Tumor Necrosisfactor- a (TNF-
a)

Interleukin-18 (IL-1p)
Interleukin-6 (IL-6)
Interleukin-10 (1L-10)

Increased levels of the pro-inflammatory cytokines potentially occur before amyloid and tau, mediate
longitudinal brain atrophy in AD, cause cellular potentiation of neuroinflammation, and elevate the
levels of activated microglia in the aging brain [61,56,51,62,63,83]. Not necessarily ideal AD
biomarkers due to their pleiotropic nature when found in differing concentrations [101,100,102,103].
Lower levels are connected to positive effects [61,91,64,92], where at higher concentrations these
effects are diminished [95-98,94,59,99,93].

Other Proteins

Neuronal pentraxin 2b (NPTx2b)

Neuronal activity-related pentraxin
(NARP)

Complement Component 3 (C3)

Found in zebrafish; rather than inducing neuroinflammation, this modulates synaptic plasticity in
neurons through circadian regulatory mechanisms [149].

Protein in rats that is homologous to NPTX2. Increased concentration plays beneficial roles in neuronal
growth, synaptic physiology, and LTP [142,150].

Can prime microglia toward a pro-inflammatory state which induces neurodegeneration [84—-86].
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