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Abstract
Alzheimer’s disease (AD) involves progressive neurodegeneration in the presence of misfolded
proteins and poorly-understood inflammatory changes. However, research has shown that AD is
genetically, clinically and pathologically heterogeneous.

In frozen brain samples of frontal cortex (diseased) and cerebellum (non-diseased) from the
University of Kentucky Alzheimer’s Disease Center autopsy cohort, we performed gene
expression analysis for genes categorizing inflammatory states (termed M1 and M2) from early
and late stage AD, and age-matched non-demented controls. We performed analysis of the serum
samples for a profile of inflammatory proteins and examined the neuropathological data on these
samples.

Striking heterogeneity was found in early AD. Specifically, early-stage AD brain samples
indicated apparent polarization toward either the M1 or M2 brain inflammatory states when
compared to age-matched non-disease control tissue. This polarization was observed in the frontal
cortex and not in cerebellar tissue. We were able to detect both differences in AD neuropathology,
and changes in serum proteins that distinguished the individuals apparent M1 versus M2 brain
inflammatory polarization.

Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder characterized clinically by a
progressive loss of cognitive function. Pathologically, AD is defined by the presence of
amyloid plaques composed of extracellular aggregated amyloid-β (Aβ) protein, and
neurofibrillary tangles comprising of intracellular aggregated, hyperphosphorylated tau
protein (Hyman, et al., 2012). Accompanying the primary pathologies of AD is an
inflammatory response, mediated partly by the microglial cells in the brain but also
involving astrocytes, oligodendrocytes, pericytes and neurons (see review (Colton and
Wilcock, 2010)). The upregulation of inflammatory signaling in the brain, termed
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neuroinflammation, has been shown to occur in all cases of AD to varying degrees
(reviewed in (Akiyama, et al., 2000)).

Studies in transgenic mouse models have revealed a diverse role for neuroinflammation in
the progression of amyloid plaques and neurofibrillary tangles. Intracranial injection of
lipopolysaccharide (LPS), a classic stimulator of inflammation, induces neuroinflammation
and results in amyloid plaque reduction in APP+PS1 transgenic mice (DiCarlo, et al., 2001).
Additionally, anti-Aβ antibodies injected intracranially or administered systemically in APP
transgenic mice results in a neuroinflammatory response and subsequent reductions in
amyloid plaques (Wilcock, et al., 2003, Wilcock, et al., 2004). In contrast to the effects of
LPS on amyloid plaques injection of LPS into the brains of rTg4510 tau mice results in
exacerbation of tau pathology (Lee, et al., 2010) suggesting that tau pathology and amyloid
pathology respond differentially to neuroinflammatory stimuli.

Recently, Colton et al showed that inflammatory markers expressed in the brains of amyloid
depositing mice and human AD tissue are not restricted to classical inflammatory genes such
as IL-1β or TNFα; additional inflammatory markers such as arginase-1, chitinase-3-like
proteins and mannose receptor are also highly expressed (Colton, et al., 2006). In contrast to
the cytotoxic effects that occur with agents such as IL-1β and TNFα, the additional
inflammatory genes are known to be essential for wound healing and repair and may
therefore reflect attempts at brain repair in response to the presence of AD pathologies.

We hypothesized that the characteristics of neuroinflammatory signaling in the early stages
of clinical AD would associate with clinical and pathological parameters in a biologically
informative way. To address this, we performed gene-expression analysis for a profile of
neuroinflammatory genes in frozen tissue samples from patients clinically classified as mild
AD or late AD and compared these to age-matched non-demented controls. We examined
the frontal cortex as our diseased brain region and cerebellum as our non-diseased region.
Microglia, the central orchestrators of CNS inflammation, are derived from the same lineage
as macrophages so we have chosen to use the same nomenclature for the neuroinflammatory
phenotypes as is used in phenotyping macrophages; M1 and M2 (reviewed in (Mantovani, et
al., 2004, Mosser and Edwards, 2008)). M1 macrophages are associated with expression of
classical inflammatory cytokines such as IL-1β and TNFα while M2 macrophages are
associated with expression of wound repair and healing mediators such as arginase-1,
chitinase-like proteins and anti-inflammatory cytokines IL-4 and IL-10 (Edwards, et al.,
2006, Martinez, et al., 2009, Mosser, 2003).

Materials and methods
Tissue samples

All tissue samples were obtained from the University of Kentucky Alzheimer’s Disease
Center (UK-ADC) at the Sanders-Brown Center on Aging. Details of the UK-ADC
recruitment have been described previously (Nelson, et al., 2007, Schmitt, et al., 2012,
Schmitt, et al., 2001). A series of cognitive tests were performed including the Mini-Mental
State Examination (MMSE; (Folstein, et al., 1975)). Pathological assessments were
performed at the University of Kentucky as described previously (Nelson, et al., 2009,
Nelson, et al., 2007).

Our population of early AD patients was defined as MMSE 20-25 within 6 months of death
and was pathologically confirmed. The reason why we used these criteria is that MMSE of
20-25 is usually an inclusion criteria for clinical trials. Our criteria for late stage AD was an
MMSE of less than 15 with Braak stage 6 for pathology.
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Patient characteristics referent to the samples from the frontal cortex and cerebellum of
patients are summarized in table 1. Serum samples for age-matched non-demented controls
(N=20) and early AD (N=20) were obtained for protein analysis. The serum was collected
from the patients within six months of death and, importantly, was not the postmortem
collection. We focused on serum from early AD patients as this was the population to show
dichotomy of neuroinflammatory profiles. Tissue- and sera-derived data were correlated
with neuropathologic and clinical data including diffuse and neuritic plaque counts,
neurofibrillary tangle counts and cerebral amyloid angiopathy (CAA), as well as
dichotomous variables related to cerebrovascular risk factors.

Quantitative real-time RT-PCR
The frozen brain tissue was pulverized using a mortar and pestle on dry ice with liquid
nitrogen and the brain powder was stored at −80°C. RNA was extracted from approximately
80mg frozen pulverized tissue using the Trizol Plus RNA Purification System (Life
Technologies, Grand Island NY) according to the manufacturer’s instructions. RNA was
quantified using the nanodrop spectrophotometer (Thermo Scientific, Rockford IL) and
cDNA was reverse transcribed using the cDNA High Capacity kit (Applied Biosystems,
Foster City CA) according to the manufacturer’s instructions. Real-time PCR was performed
using the 384-well microfluidic card custom Taqman assays containing the TaqMan Gene
Expression probes given in figure 1A (Applied Biosystems, Foster City CA). All gene
expression data were normalized to 18S rRNA expression. Fold-change compared was
determined using the delta delta Ct) method (Livak and Schmittgen, 2001).

Beta-amyloid ELISA
300mg brain powder was first extracted in 500μl PBS containing 1% complete protease/
phosphatase inhibitor (Thermo Scientific, Rockford IL). The homogenate was centrifuged at
16,000×g at 4°C for 30 minutes. The supernatant was removed and became the “soluble”
extract. The resulting pellet was then homogenized in 100μl 70% formic acid and
centrifuged at 16,000×g at 4°C for 30 minutes. The supernatant was removed and diluted
1:20 with 1M Tris-HCl to become the “insoluble” extract. Protein concentration for both the
soluble and insoluble extracts was determined using the bicinchonic acid (BCA) protein
assay according to manufacturer’s instructions (Thermo Scientific, Rockford IL). We used
the Meso-Scale Discovery multiplex ELISA system to measure Aβ38, Aβ40 and Aβ42
(MSD, Gaithersburg MD). ELISA kits were run according to the manufacturer’s
instructions.

Serum protein analysis
Serum protein analyses were performed by the CLIA-certified laboratory of Myriad-RBM
(Austin, TX). Using their Multi-Analyte Profiling (MAP) technology platform we
performed the Human InflammationMAP, which analyzes 46 inflammation-related proteins
(see list in figure 4A) using Luminex bead technology.

Statistics
For gene expression analysis, we first analyzed the age-matched, non-demented controls.
After finding little variability within this group we took the mean for this group. Gene
expression for individual early AD and late AD samples was then calculated as fold-change
relative to the mean of our age-matched non-demented control group. We performed K-
means cluster analysis on the 23 samples examining all M1 and M2a markers to determine
whether our samples showed patterns of clustering. Once we observed the M1 and M2a
polarization, we separated our early AD samples as M1-biased or M2a-biased. The
significance of disease and neuroinflammatory phenotype effects were then investigated
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using unpaired Student’s t tests or two-way ANOVAs. The statistical analysis software JMP
(Version 9, SAS, Cary NC) was used for all statistical analyses with p < 0.05 judged as
significant. All graphs were made using Graphpad Prism 4 (GraphPad, San Diego CA).

Results
The neuroinflammatory genes analyzed are shown in the table of figure 1A. When we
examined the data from the frontal cortex of our early AD tissue we found some highly
variable gene expression. We performed K-means cluster analysis on the expression data
from all 23 frontal cortex samples to determine whether there were patterns of gene
expression. As can be seen from figure 1B we found that our samples separated into two
distinct clusters. Cluster 1 showed very high expression levels of FIZZ, IL-1Ra, MRC1 and
AG1. Cluster 2 showed very high expression levels of IL-1β, MARCO, TNFα and IL-12A.
Figure 1C shows the cluster means highlighting the two groups and their mean expression
levels of each gene. K-means cluster analysis for the cerebellum and late-AD samples did
not yield distinct clusters and therefore this data is not shown.

Using the cluster analysis we were able to separate out those samples that showed an M1
neuroinflammatory bias versus an M2a neuroinflammatory bias. We found that eleven of
our 23 samples were apparently polarized to the M1 neuroinflammatory phenotype; herein
abbreviated as M1-P (figure 2A) while the remaining twelve were apparently polarized to
the M2a neuroinflammatory phenotype; herein abbreviated as M2a-P (figure 2B).
Importantly, we examined the cerebellum of the same samples, confirmed to lack substantial
AD pathology. In the cerebellum we did not observe the polarization of neuroinflammatory
phenotype seen in the frontal cortex. While single genes showed some mild elevations, these
were not of the same magnitude as the frontal cortex samples (figure 2C and D). We then
assessed frontal cortex and cerebellar brain samples from 16 late-stage AD cases. We found
that all frontal cortex samples showed elevations in markers of M1, M2a and M2c
neuroinflammatory phenotypes (figure 2E). Similarly, in the cerebellum, the same markers
were significantly increased, albeit to a lesser extent than the frontal cortex (figure 2F). To
determine whether common AD disease risk factors were driving the M1-M2 polarization
we performed analyses examining ApoE status, presence of diabetes or osteoarthritis, self-
reported non-steroidal anti-inflammatory (NSAID) use and history of stroke or transient
ischemic attacks (TIA). As can be seen in table 2, none of these factors accounted for the
M1-M2 polarization of our early-AD samples. In addition, we examined cause of death for
our samples and did not observe a relationship between cause of death and M1-M2
polarization. We also performed a correlation analysis using age as a factor and found no
correlation between age and any of our neuroinflammatory markers.

We next sought to determine whether neuroinflammatory state correlates with AD
neuropathology and quantified Aβ levels. Amyloid plaques appeared more numerous in
representative images from M2a-P early AD samples (figure 3C and D) compared to M1-P
early AD samples (figure 3A and B). Quantitative neuropathology data (plaque and tangle
counts) were analyzed focusing on the frontal cortex brain sections. We found that there was
no difference between the M1-P and M2a-P early-stage AD samples for diffuse amyloid
deposits or neurofibrillary tangle counts, but there was a statistically significant increase in
the number of neuritic plaques in the M2a-P early-stage AD samples compared to the M1-P
samples (figure 3E). Aβ ELISA measurement in the frontal cortex showed that soluble
Aβ40 was significantly increased in the M1-P early-AD samples (figure 3F) while insoluble
Aβ40 was significantly increased in the M2a-P early-AD samples (figure 3G).

Cerebrovascular disease (CVD) occurs frequently in the aging brain, and is therefore a
frequent co-morbidity with AD (Nelson, et al., 2007). We examined our early-AD cohort for
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CVD. Clinical records based on longitudinal assessments of the patients listed CVD risk
factors (figure 4A) as dichotomous variables. We summed the number of risk factors present
in each patient of our early AD cohort and our age-matched, non-demented controls and
found that the M2a-P, early-stage AD samples had significantly more CVD risk factors
present than the M1-P early-stage AD samples or the age-matched non-demented controls
(figure 4B). We found that a greater percentage of the M2a-P, early AD samples had CAA
present compared to the M1-P, early AD samples (figure 4C). In addition, when we
calculated the ratio of Aβ40:Aβ42 we found that the M2a-P, early AD samples showed a
significantly increased ratio compared to the M1-P, early AD samples (figure 4C).

Finally, we obtained serum samples from our biorepository for early AD samples (N=10 M1
polarized and M=10 M2a polarized) and age-matched non-demented controls (N=20). Our
goal was to establish peripheral markers that would predict the brain neuroinflammatory
profile. The serum was analyzed by Myriad-RBM for 46 inflammation-associated proteins
(see list in figure 5A). We found that macrophage inflammatory protein 1α (MIP1α) was
the only protein significantly increased in the M1-P, early AD samples compared to the
M2a-P samples or age-matched, non-demented controls (figure 5B). We found that
intercellular adhesion molecule 1 (ICAM1), haptoglobin, fibrinogen and interleukin-1
receptor antagonist were all significantly increased in in the M2a-P, early-stage AD samples
compared to either / both the M1-P samples or age-matched, non-demented controls (figure
5B).

Discussion
We hypothesized that neuroinflammatory gene expression would provide biologically
informative insights into the heterogeneous clinical and pathological context of the AD
brain. We chose to categorize our neuroinflammatory genes based on the macrophage
phenotypes of M1, M2a, M2b and M2c (reviewed in (Mosser and Edwards, 2008)). We
obtained frozen frontal cortex as our diseased brain region and frozen cerebellum as our
non-diseased brain region from early AD samples, late AD samples and age-matched non-
demented controls. Frontal cortex was selected as our diseased region due to the availability
of fresh frozen tissue and also due to the relatively low levels of AD pathology in this region
making it ideal to study changes occurring relatively early in the disease process. Cluster
analysis revealed that frontal cortex of early AD samples is apparently polarized to either the
M1 or M2a neuroinflammatory phenotype. The cerebellum, confirmed to be AD pathology
free, did not show polarization of these neuroinflammatory response types / categories.
Further, this apparent polarization was not evident in late AD samples, when most of our
inflammatory markers were significantly elevated relative to non-diseased controls.

Recent studies in mouse models have shown that the neuroinflammatory response is
complex and includes the expression of “alternative inflammatory markers” that are
associated with wound healing and repair as well as the expression of “classical
inflammatory markers” that are associated with cytotoxicity such as IL-1β and TNFα.
Additionally, it has been shown that the AD brain also expresses some of these alternative
inflammatory markers. The M1 and M2a inflammatory states have been shown to have
opposing actions in the peripheral tissues, where M1 macrophages are involved in
recruitment of other immune cells, killing of invading pathogens and clearance of cellular
debris (reviewed in (Mosser, 2003, Mosser and Edwards, 2008)). In contrast, the M2a
macrophages are known to contribute to the formation of extracellular matrix through the
up-regulation of arginase-1, inhibition of phagocytosis and augmentation of adhesion
molecule production (Martinez, et al., 2009). One can predict, then, that the presence of one
inflammatory state versus another in the AD brain could have different effects on the
amyloid plaques, neurofibrillary tangles and neuronal functions. In fact, data in transgenic
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mouse models suggests that M1 neuroinflammatory phenotypes induced by agents such as
LPS may be beneficial to amyloid pathology by lowering amyloid load, but may be
detrimental to tau pathology by exacerbating hyperphosphorylation of tau (DiCarlo, et al.,
2001, Lee, et al., 2010). In contrast, we recently showed that lithium promotes an M2
neuroinflammatory phenotype and lowers tau hyperphosphorylation but increases amyloid
load in a transgenic mouse model (Sudduth, et al., 2012).

Heterogeneity in the neuroinflammatory response could provide an explanation for the
dichotomous body of data that has evolved with respect to the role of non-steroidal anti-
inflammatory drugs (NSAIDs) in AD. Some studies have found that NSAIDs may not affect
AD risk while other studies have shown decreased risk for AD with NSAID use (reviewed
(Szekely, et al., 2004)). One recent study showed an increased risk of AD with NSAID use
in an elderly community-based study (Breitner, et al., 2009). Also, NSAID use has been
associated with elevated neuritic plaque load (Sonnen, et al., 2010). A trial aimed at
addressing the potential of NSAIDs to prevent the onset of AD, named the ADAPT trial
(Alzheimer’s Disease Anti-Inflammatory Prevention Trial), was an NIH funded, multicenter
trial testing the COX2 inhibitor celecoxib and naproxen. Treatment was terminated in 2004
due to concerns of adverse events (Breitner, et al., 2006). Most recently, extended results
from the (ADAPT) trial have shown that long-term follow-up reveals those patients who
were completely asymptomatic and treated with conventional NSAIDs showed a reduced
incidence of AD several years later. However, those who had cognitive impairment (defined
as cognitive impairment – no dementia CIND) at the time of NSAID treatment showed
accelerated decline (Breitner, et al., 2011). Finally, Leotsakos showed that in the pre-clinical
AD population of the ADAPT trial, when patients were separated as slow decliners, fast
decliners, and no decline, differential responses to NSAIDs were observed. Fast decliners
show a potential benefit of celecoxib whereas slow decliners show a potential benefit of
naproxen (Leoutsakos, et al., 2011). It is possible that our data showing dichotomous
neuroinflammatory states in the early AD brain can account for some of the positive and
negative findings in the NSAID and AD literature.

An additional variable that is often overlooked in AD is the presence of cerebrovascular
disease. Estimated to occur in as many as 40% of AD patients, (Bowler, et al., 1998,
Kammoun, et al., 2000, Langa, et al., 2004) cerebrovascular disease can independently
contribute to the cognitive dysfunction of dementia (Levine and Langa, 2011). While a small
number of vascular dementia cases are identified through the history of stroke, transient
ischemic attack or clear imaging abnormalities, the majority of cerebrovascular disease is
not clinically obvious as it often encompasses microvascular findings at autopsy. We find
that our early-stage AD brains apparently polarized to the M2a neuroinflammatory state also
have significantly more cerebrovascular disease risk factors and show some histological
cerebrovascular abnormalities. This suggests that the altered inflammatory response in this
subset of patients may play a role in their course of disease, including their cerebrovascular
disease. Importantly, hypertension, one of our cerebrovascular disease risk factors, has been
suggested as a risk factor for AD. The Honolulu Asia Aging Study (HAAS) found that
midlife hypertension increases risk for late-life dementia (Launer, et al., 2000), and when
combined with elevated plasma Aβ, hypertension increases the risk for AD and vascular
dementia (Shah, et al., 2012). Additional supporting data for the role of hypertension in
dementia comes from the same HAAS study where lowering of midlife blood pressure
reduced the risk of late-life dementia (Launer, et al., 2010). The systemic inflammation that
arises as a consequence of many of the cerebrovascular risk factors such as hypertension,
peripheral vascular disease, congestive heart failure and coronary artery bypass graft most
likely contributes to the brain neuroinflammatory state. There is a growing body of data to
suggest that systemic inflammation significantly impacts neurodegeneration and
neuroinflammation (Moreno, et al., 2011, Perry, 2010). The systemic inflammation factor
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will be considered in greater detail as we move our studies forward and we will specifically
examine these factors where possible.

An alternative, and equally viable, interpretation of our data is that the M1-M2a polarization
reflects the progression of AD pathology. We do find a greater number of neuritic plaques in
the M2a-polarized group compared to the M1 group, and the M2a group has more severe
cerebrovascular pathology. Therefore, the M2a group may represent more pathologically
advanced patients. Until further studies are done to expand our sample size and expand our
population to examine individual Braak and Braak stages as well as clinical cognitive stages
we must consider the possibility that our data implies either two distinct neuroinflammatory
populations within the same disease state, or that neuroinflammatory state changes as
disease progresses.

From the clinical application of our data, we are especially encouraged that we have
identified some plasma markers that appear to classify our two neuroinflammatory
populations. MIP1α is elevated in M1-polarized early AD samples while ICAM1,
haptoglobin, fibrinogen and IL1-Ra were all elevated in the M2a-polarized early AD
samples. Inflammatory biomarkers have been identified in AD populations previously (Dik,
et al., 2005, Guerreiro, et al., 2007, Mancinella, et al., 2009, Ray, et al., 2007). In contrast,
we are not identifying the presence of AD, but within those diagnosed clinically with early
AD we are able to identify those with an M1 polarized brain neuroinflammatory response as
opposed to those with an M2a polarized neuroinflammatory response in the brain. This
could be important for better targeting of therapeutics to individual populations based on the
inflammatory environment of the brain. In addition, it appears that the M2a polarized AD
brain has a higher incidence of cerebrovascular disease, thus, identification of this
population will permit more aggressive treatment of the cerebrovascular risk factors in this
group of patients.

In summary, we have identified the neuroinflammatory state as a source of heterogeneity in
the early AD population. We hypothesize that the apparent polarization of the
neuroinflammatory state to M1 or M2a in early AD could influence the response to many
therapeutics, in particular those targeting the inflammatory pathways such as NSAIDs, or
using inflammatory systems such as immunotherapeutic approaches. Most importantly, we
have identified several proteins in serum that are predictive of the brain neuroinflammatory
state that could be used to stratify groups for clinical trials to determine whether
neuroinflammatory phenotype does influence responsiveness to therapies.
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Figure 1.
Early-stage AD brain neuroinflammatory gene expression shows separation into two
clusters. Panel A shows the genes that have been measured in the current study. Panel B
shows the K-means cluster analysis for the M1 and M2a neuroinflammatory markers that
showed significant differences. Panel C shows the cluster means highlighting the pattern of
relative gene expression in our two clusters.
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Figure 2.
Early-stage AD brain shows a heterogeneous inflammatory response with polarization to the
M1 or M2a neuroinflammatory states while the late-stage AD brain does not. Panels A-F
show relative gene expression for early-stage AD (A-D) or late-stage AD (E-F) frontal
cortex (A-B and E) and cerebellum (C-D and F). The dashed line on each graph represents
the mean expression of the age-matched, non-demented controls. * indicates P<0.05, **
indicates P<0.01.
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Figure 3.
Early-stage AD neuropathology and amyloid load is different between the M1 and M2a
neuroinflammatory polarized samples. Panels A-D show Aβ staining in the frontal cortex of
M1 polarized samples (A-B) and M2a polarized samples (C-D). Mag = 100X. E shows
numbers of diffuse and neuritic plaques and tangles in the frontal cortex. F and G show
soluble (F) and insoluble (G) Aβ levels measured by ELISA. ** indicates P<0.01.
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Figure 4.
Cerebrovascular disease is more prevalent in the M2a neuroinflammatory polarized samples
than the M1 polarized samples. Panel A shows the cerebrovascular risk factors assessed.
Panel B shows the mean number of risk factors per patient. Panel G shows CAA prevalence
and Aβ40:Aβ42 ratios for each inflammatory group. ** indicates P<0.01.
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Figure 5.
Several serum proteins can be used to distinguish M1 polarization from M2a polarization.
Serum was analyzed for 46 inflammation associated proteins listed in panel A. Panel B
shows those proteins that were significantly different between M1 and M2a polarized early-
stage AD samples. * indicates P<0.05, ** indicates P<0.01.
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Table 1

Characteristics of Alzheimer’s disease and age-matched, non-demented tissue analyzed. MMSE: mini-mental
state exam, PMI: post-mortem interval.

Group Age range
(years)

MMSE at
last exam

Time since
last exam
(mo)

ApoE4
status

Braak
stage

PMI range
(hours)

Early
AD
N=23

77-100
(mean:87.2)

20-24
(mean:22.6)

2-6
(mean:4.2)

−/4 = 12
4/4 = 3

3-5 1.0-6.5
(mean:3.6)

Late AD
N= 16

74-88
(mean:85.6)

0-13
(mean:7.25)

2-9
(mean:6.4)

−/4 = 6
4/4 = 4

6 1.75-11.0
(mean:5.4)

Control
N=37

77-96
(mean:84.3)

28-30
(mean:29.1)

4-7
(mean:5.2)

−/4 = 10
4/4 = 3

0-2 1.75-8.0
(mean:4.2)
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Table 2

Statistical comparisons to determine whether common population covariates account for M1 / M2 polarization
(one-way ANOVA).

Factor P-value

ApoE4 status 0.60

Diabetes 0.37

Osteoarthritis 0.22

Self reported NSAID use 0.29

Stroke 0.34

TIA 0.56
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