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Abstract

Neuroinflammation is involved in the Alzheimer’s disease (AD) pathology. Our major focus was
to clarify whether neuroinflammation plays important roles in AD pathogenesis, particularly prior
to the manifestation of overt dementia. We analyzed cytokine expression profiles of the brain,
with focus on non-demented patients with increasing AD pathology, referred to as high pathology
control (HPC) patients, who provide an intermediate subset between AD and normal control
subjects, referred to as low pathology control (LPC) patients. With real-time PCR techniques, we
found significant differences in interleukin (IL)-1pB, 10, 13, 18, and 33, tumor necrosis factor
(TNF)a converting enzyme (TACE), and transforming growth factor (TGF)p1 mRNA expression
ratios between HPC and AD patients, while no significant differences in the expression ratios of
any cytokine tested here were observed between LPC and HPC patients. The cytokine mMRNA
expression ratios were determined as follows: first, cytokine mRNA levels were normalized to
MRNA levels of a housekeeping gene, peptidyl-prolyl isomerase A (PPIA), which showed the
most stable expression among ten housekeeping genes tested here; then, the normalized data of
cytokine levels in the temporal cortex were divided by those in the cerebellum, which is resistant
to AD pathology. Subsequently, the expression ratios of the temporal cortex to cerebellum were
compared among LPC, HPC and AD patient groups. Our results indicate that cytokines are more
mobilized and implicated in the later AD stage when a significant cognitive decline occurs and
develops than in the developmental course of AD pathology prior to the manifestation of overt
dementia.
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Introduction

The molecular mechanisms underlying the pathogenesis of AD have not yet been elucidated.
The biological and molecular alterations in AD may occur prior to the clinical manifestation
of overt dementia and the determination of such alterations is expected to provide valuable
insight into the early diagnosis and treatment of AD [1]. Recent gene ontology analyses have
revealed that a significant group of differentially expressed genes between control and AD
brains partly relates to genes involved in inflammation and immunological signaling,
suggesting the involvement of various inflammatory mediators in the AD pathological
process [1]. In fact, a long list of inflammatory mediators has been identified in AD brains at
immunohistochemical, biochemical and molecular levels, but was undetectable in brains
from non-demented elderly control (NC) subjects [2, 3]. The hallmarks of AD, amyloid
(AP) deposits, neurofibrillary tangles (NFTs) and neuronal degeneration, may be the most
likely sources of inflammation in AD brains [3]; however, it is not entirely clear whether
neuroinflammation causes or results from neurodegeneration in AD [2, 4, 5].

Our major focus in the present study was to clarify the role of inflammation in AD
pathogenesis, particularly prior to the manifestation of overt dementia; that is, “Is
neuroinflammation a more primary AD pathologic process that occurs before neuronal
damage becomes significant?” or “Is it always a secondary response to the hallmarks of AD,
occurring in the later symptomatic stages of AD?” Increasing reports demonstrate alterations
in inflammatory mediators in subjects with mild cognitive impairment (MCI), although
these alterations have been evaluated in peripheral blood mononuclear cells (PBMC),
cerebrospinal fluid (CSF) and serum [6-8]. Several inflammatory mediators detected in
plasma have been reported to be useful to identify patients with MCI [9]. MCI describes a
preclinical stage of AD, applied to a transitional period between normal aging and early AD
[10]. Such alterations in MCI suggest that inflammatory events may precede the clinical
development of AD [7, 8]. Non-steroidal anti-inflammatory drugs (NSAIDs) should be
effective in preventing cognitive impairment in AD if inflammatory events significantly
precede the clinical manifestation of overt AD dementia; however, clinical treatment trials
of NSAIDs with diagnosed AD patients have generally failed to prevent cognitive decline,
while epidemiological data show that subjects taking NSAIDs for more than 2 years are
protected from AD [11]. Clinically, NSAIDs were reported not to affect cognitive function
in elderly individuals with a family history of AD [12]; however, it remains to be
determined whether the AD Anti-Inflammatory Prevention Trial (ADAPT) could be
successful in preventing or delaying the onset of AD, because the ADAPT was terminated
before completion, with a median time to discontinuation of treatment with NSAIDs of
approximately 550 days, due to side-effects [11]. In contrast, Vlad et al. [13] prospectively
examined the effects on AD risk of NSAID use for a relatively long period (>5 years),
compared to no NSAID use, using a larger number of cases: 49,349 AD (NSAID users:
42.2%) and 196,850 controls (NSAID users: 40.2%), and found that long-term NSAID users
had a lower risk of AD than non-NSAID users.

Thus, it remains unanswered whether inflammatory events cause or result from
neurodegeneration that leads to the clinical manifestation of overt AD dementia; that is,
whether anti-inflammatory therapy is effective to prevent or delay cognitive impairment in
AD if itis applied at a very early or preclinical stage to AD patients. To address this issue,
we compared the expression profiles of several cytokines in the temporal cortices of
autopsied brains of non-demented patients with increasing AD pathology to the brains of
AD patients and NC subjects, with relative quantitative analysis of cytokine mRNA using
real-time PCR techniques. NC subjects, also referred to as LPC patients, have limited AD
pathology and no prior medical history of dementia (Clinical Dementia Rating Scale: CDR =
0). The unique approach used in this study compared data from HPC patients with those
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from AD and LPC patients. Non-demented patients with increasing AD pathology are
referred to as HPC patients. HPC is defined clinico-pathologically. Lue et al. [14, 15]
isolated HPC patients that were non-demented (CDR = 0) but exhibited sufficient neocortex
AP deposits and entorhinal cortex NFTSs to otherwise qualify for the diagnosis of AD. HPC
patients show little or no evidence of neocortical or limbic synaptic loss. HPC cases are an
intermediate subset between AD and LPC cases. To elucidate the role of inflammation and
also aid in the design of therapeutics for early AD, data collection from HPC patients is
particularly important. In contrast, MCI is defined entirely according to clinical criteria [10],
and the pathological backgrounds of patients with MCI vary and are not restricted to AD
changes [16]. There have been several reports demonstrating the temporal expression
profiles of cytokines in AD using postmortem brain tissues [17-19]; however, isolating HPC
cases from cases having AD pathology has seldom been considered. We believe that HPC
cases can provide a more accurate transition between normal aging cases and early stage AD
cases to answer the question of whether neuroinflammation causes or results from
neurodegeneration in AD.

In addition, we used brain samples that were frozen immediately at autopsy with short PMIs
(<4 hr), which hardly affect RNA integrity in the samples and clearly allow the optimal use
of the resource [20]. Most AD studies on cytokine expression profiles in the CNS used
autopsied brain samples with longer PMIs: 2-23.5 hr (Araujo and Lapchak [17]), 3.2-10.7
hr (Lutterman et al. [18], and 19-50 hr (Lanzrein et al. [19]), possibly providing incorrect
information on the mMRNA expression profiles. Next, in most quantitative studies with PCR
techniques, housekeeping genes, such as glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) and p-actin, have been used as references to normalize the expression levels of the
mMRNA of interest; however, there have been several reports demonstrating a certain extent
of inducible changes in G3PDH and p-actin mRNA expression levels in non-steady states
[21]. G3PDH activity and metabolism are possibly influenced by AB levels [22]. To
quantify the expression levels more accurately for each cytokine among patients, it is
essential to normalize real-time PCR data of cytokines to the most stably expressed
housekeeping genes among the cases studied, patient disease states, and brain regions. For
this reason, we tested the reliability of ten housekeeping genes, including G3PDH and p-
actin, and identified PP1A with GeNorm analysis [23] as the most suitable reference gene.
Subsequently, these target (cytokine)-to-reference (PPIA) ratios in the temporal cortex were
divided by those in the cerebellum. The specific AD pathological changes are lowest in the
cerebellum [24-26]. Comparison with the cerebellum is one of the methods to exclude non-
specific cytokine changes other than AD pathology-specific cytokine changes. Finally,
temporal cortex-to-cerebellum ratios from HPC patients were compared with those from AD
and LPC patients to see which inflammatory mediators are earlier or more significantly
involved in the developmental process of AD pathology prior to the manifestation of overt
dementia. This is expected to provide more accurate, reliable and useful information for the
establishment of therapeutic strategies for early AD pathological progression.

Materials and methods

Patient samples

From among the 100 routine brain autopsies per year of patients who had prospectively
enrolled in the Sun Health Research Institute (SHRI) Tissue Donation Program and given
premortem consent, ten typical cases each were selected from LPC, HPC and AD patients.
These were based on prior medical records with antemortem neuropsychological test scores,
including data of the Folstein Mini Mental Status Examination (MMSE) and the CDR, and
on postmortem neuropathological records using the Consortium to establish a registry for
AD (CERAD) pathological criteria [27] and the Braak staging [28]. The definitions of LPC
and HPC were described above in the Introduction. “Non-demented” is defined by
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performance on cognitive assessment as better than —1.5 standard deviations from the
normative mean score based on age and education, and a CDR score of 0. Any patient with
complications of systemic infectious and inflammatory diseases was excluded

Our study was approved by the ethics committees of both Shiga University of Medical
Science and the National Hospital Organization Tottori Medical Center.

Tissue preparation

Briefly, brain tissue was removed within 4 hr of death, sectioned coronally at 1 cm intervals,
immediately frozen on dry ice, and stored at —80°C until use.

Extraction of total RNA

Frozen tissue slices from the middle temporal cortex and cerebellum were slightly thawed.
Approximately 100 mg of the tissue block was cut from the softened tissue slice per case.
The block was immediately transferred to a 15 ml centrifuge tube, and dissolved in 1ml
Trizol reagent (Invitrogen). Total RNA was extracted with Trizol reagent according to the
manufacturer’s instructions. The quality of obtained total RNA was checked by
spectrophotometric measurements at 240, 260, 280 and 300 nm, and the amount of the total
RNA was quantified with a peak value of 260 nm. The RNA quality was confirmed by RNA
agarose gel electrophoresis, which showed the presence of two clearly distinct and dominant
bands corresponding to the ribosomal 28S and 18S RNA species.

Reverse transcription (RT)

We reverse-transcribed 5.0 g total RNA with 200 units Superscript 111 reverse transcriptase
(Invitrogen) and 0.4 pg oligo(dT)12_1g primers (Invitrogen) to obtain 20 pl of a solution
containing reverse-transcribed first-strand cDNA.

Cytokines studied

We herein studied: (i) IL-1B, IL-6, TNFa and TGFB1, which are frequently discussed
cytokines in AD [3, 29-31]; (ii) other members of the IL-1 superfamily: IL-1 receptor
antagonist (ra), IL-18 and IL-33, which were included in the present study because IL-1 is
one of the major cytokines closely involved in AD neuroinflammation [3, 4, 31, 32]; (iii)
anti-inflammatory cytokines, 1L-10 and IL-13, changes of which should be studied because
they are expected to be involved in a counter-regulatory or reciprocal mechanism to protect
the CNS from detrimental inflammatory mediators [33-35]; (iv) IL-16, which was originally
designated lymphocyte chemoattractant factor and reported in recent AD studies [36-38];
(v) IL-32, a newly discovered cytokine that promotes the production of TNFa [39]; (vi) IL-8
and monocyte chemotactic protein (MCP)-1, representatives of CXC and CC chemokines,
respectively, which have recently been reported to contribute to AD [3, 40]; (vii)
macrophage migration inhibitory factor (MIF), a noncognate ligand of CXC chemokine
receptor [41], which has attracted our attention in AD research [30]; and (viii) converting
enzymes for IL-1pB, IL-18 and 1L-33, and TNFa, respectively, that is, IL-1p converting
enzyme (ICE) and TACE.

Designation of specific PCR primers and selection of correct Universal ProbeLibrary
probes (Table 1)

We employed a sequence-specific hydrolysis probe binding assay to quantitatively measure
real-time PCR products using the LightCycler 480 Real-Time PCR System (Roche Applied
Science), according to the manufacturer’s instructions (PCR Application Manual, 3rd ed.;
Technical Notes No. LC 10, 13 and 16: Roche Applied Science). For each cytokine gene,
specific sense and antisense primer pairs were designed and a Universal ProbeLibrary (UPL)
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probe was correctly selected from the UPL Set, Human (Roche Applied Science), with the
aid of the UPL Assay Design Guide at the UPL Assay Design Center website (Roche
Applied Science). The primer sequences and the UPL number used are given in Table 1
(UPL).

Prior to the hydrolysis probe binding assay, the primer pairs and UPL probe selected for
each cytokine gene were verified to yield a single band of PCR product with an expected
size on gel electropheresis by a standard hot-start PCR amplification technique using the
PCR Thermal Cycler Dice (Takara, Japan). This PCR amplification was conducted with
FastStart Tag DNA polymerase (provided in LightCycler 480 Probes Master: Roche Applied
Science), using the same profile of thermal cycle as in the real-time PCR. When a single
band of the PCR product was not generated, even with three different sets of primer pairs
and UPL probes selected, we next employed a sequence-independent detection assay using
SYBR green | (LightCycler 480 SYBR Green | Master: Roche Applied Science), instead of
a sequence-specific hydrolysis probe binding assay. In this case, specific primers for PCR
were designed using the Primer3 website (http://frodo.wi.mit.edu/primer3/). The primer
sequences are given in Table 1 (SYBR green).

Real-time PCR analyses

For a real-time PCR assay with UPL probes, 0.25 pl of a solution was taken from 20 ul of
the first-strand cDNA-containing solution obtained from 5.0 ug total RNA by RT. All PCR
reactions were performed in a 96-well plate format on the LightCycler 480 Real-Time PCR
System, using LightCycler 480 Probes Master containing FastStart Tag DNA Polymerase
according to the manufacturer’s instructions. Each reaction mixture for a real-time PCR
amplification consisted of the first-strand cDNA, 100 nM relevant UPL probe, 200 nM sense
and antisense primers, and LightCycler 480 Probes Master in a final volume of 20 ul. The
reaction mixtures were incubated at 95°C for 10 min followed by 45 cycles at 95°C for 10
sec and 60°C for 30 sec. Real-time PCR reactions without the first-strand cDNA were run in
parallel, using each primer pair as the negative control.

The UPL probes are based on the so-called fluorescence resonance energy transfer principle.
The fluorescence increases only if the target of interest is present in the solution and its
signal intensity is correlated to the amount of the PCR products. Real-time monitoring of
fluorescence allows the determination of a crossing point (Cp) in the exponential phase of
PCR. The Cp value is the PCR cycle number at which PCR amplification begins to become
clearly positive above the background phase. The Cp is considered to be the point most
reliably proportional to the initial concentration of target gene in any given sample. Thus,
quantification in a real-time PCR assay involves determination of the Cp value of each
sample.

For a real-time PCR assay with SYBR Green I, each reaction mixture consisted of 0.25 pl of
the first-strand cDNA, 200 nM sense and antisense primers, and LightCycler 480 SYBR
Green | Master in a final volume of 20 pl. The reaction mixtures were incubated at 95°C for
5 min followed by 45 cycles at 95°C for 10 sec, 60°C for 10 sec and 72°C for 10 sec. The
melting curve analysis was included, subsequent to the PCR run, to verify the specificity of
the PCR products. This analysis consisted of a single cycle at 95°C for 5 sec and 65°C for 1
min. The increase in SYBR Green | fluorescence correlates with the amount of the amplified
PCR products. The Cp value was similarly determined for quantification in a real-time PCR
assay with SYBR Green I.

Real-time PCR amplifications following the RT were run in triplicate, using different
preparations of total RNA each from the middle temporal cortex and cerebellum.
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Determination of the most reliable reference

For the reason mentioned above in the introduction, we evaluated several housekeeping
genes to determine the reference gene most suitable to normalize the Cp value of each
cytokine gene of interest, according to the manufacturer’s instructions (Technical Note No.
15: Roche Applied Science). We conducted real-time PCR amplifications of ten
housekeeping genes, including G3PDH (GAPDH), p-actin, porphobilinogen deaminase
(PBGD), hypoxanthine phosphoribosyl-transferase 1 (HPRT), phosphoglycerate kinase 1
(PGK1), glucose-6-phosphate dehyderogenase (G6PD), PPIA, TATA box binding protein
(TBP), B2-microglobulin (B2M) and p-glucuronidase (GUSB) (all provided in the Universal
ProbeLibrary Reference Gene Assays: Roche Applied Science), with the same set of brain
samples used for the present study. We identified the most stably expressed housekeeping
genes in a given set of samples according to the averaged expression stability values
calculated with geNorm analysis [23].

Data analysis

Results

To obtain the relative quantitative value of the mMRNA concentration of each cytokine gene
of interest, which is expressed as a ratio of the target (cytokine)-to-reference gene, the Cp
values of target genes and the most reliable reference gene in each sample from the temporal
cortex and cerebellum were analyzed using LightCycler Relative Quantification Software
(included in LightCycler 480 Software, ver. 1.5: Roche Applied Science), according to the
manufacturer’s instructions (Technical Notes No. LC10, 13 and 16: Roche Applied
Science). The Cp values of target and reference gene were respectively corrected with the
PCR efficiencies of target and reference gene by the E-method instead of the AAC+-
method, according to the manufacturer’s instructions [42]. The PCR efficiency of each
target and reference gene was determined by a relative standard curve, which was generated
for each target and reference gene using serial dilutions of first-strand cDNA solution
obtained by the RT from the middle temporal cortex of a LPC patient, because PCR
efficiency depends on primers and UPL probes (Technical Note No. LC 13: Roche Applied
Science). All the standard curves showed correlation coefficients above 0.99, indicating a
precise log-linear relationship. Subsequently, the corrected Cp ratio of the target-to-
reference gene (formula 1) obtained from the temporal cortex was divided by that from the
cerebellum (formula 2). The final Cp ratio of the temporal cortex to cerebellum was
compared between any two groups from LPC, HPC and AD patient groups, each of which
consisted of 10 patients, and the statistical significance of differences between the pairs was
evaluated by the Steel-Dwass test following the Kruskal-Wallis test. The relationship
between the Cp ratios of two cytokines was examined and the correlation coefficients (p)
were calculated by the Spearman rank correlation method.

Formulas to obtain a relative quantitative value of mMRNA concentration of each cytokine
gene of interest are as follows (individually calculated in each patient):

Formula 1: Corrected Cp ratio of target-to-reference gene = Cp value of target corrected
with PCR efficiency / Cp value of reference corrected with PCR efficiency

Formula 2: Final Cp ratio of temporal cortex to cerebellum = Corrected Cp ratio of
target-to-reference gene in the temporal cortex / Corrected Cp ratio of target-to-
reference gene in the cerebellum

Patient demographics (Table 2)

The demographics of the patients are summarized in Table 2.
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Diagnostic stains (Fig. 1)

For histological diagnosis of cases in the SHRI Brain Bank, tissue sections from several
brain areas were stained with hematoxylin and eosin (H & E), Campbell-Switzer, Gallyas
and Thioflavin S methods, and stained immunohistochemically for Ap, phosphorylated Tau,
a-synuclein, ubiquitin, aB-crystallin and phosphorylated neurofilament [20]. As Fig. 1
shows, Campbell-Switzer silver staining was conducted to reveal senile plaques and NFTs.
The HPC brains exhibited significantly greater numbers of neocortex Ap plaques than LPC
brains, although, from these measurements, the HPC brains could not be distinguished from
the AD brains. NFT counts in the entorhinal cortex were significantly greater in the HPC
brains than LPC brains, whereas they were significantly lower in the HPC brains than AD
brains. These findings are consistent with previous reports [14, 15, 43].

Reliability of PPIA as a reference

Among the ten housekeeping genes tested, G3PDH (GAPDH), B-actin, PBGD, HPRT,
PGK1, G6PD, PPIA, TBP, B2M, and GUSB (Universal ProbeLibrary Reference Gene
Assays), our real-time PCR followed by geNorm analysis [23] showed that, in each of the
temporal cortex and cerebellum, PPIA and PGK1 produced the lowest values of the
averaged expression stability across the same set of 30 cases studied here, which consisted
of 10 cases each of AD, LPC and HPC, indicating the suitability and reliability of the two as
references; however, PCR products of PPIA, not PGK1, showed a single band of the
expected size on electrophoresis. In addition, the values of the averaged expression stability
of PPIA between samples from the temporal cortex and cerebellum were confirmed to be
significantly lower than those of G3PDH and B-actin, which are most commonly used to
normalize the patterns of gene expression [21, 23], and reported to be suitable as references
for comparative gene expression analysis using postmortem AD brains [44, 45]; therefore,
we selected PPIA as the reference for the present study to normalize cytokine genes of
interest.

Cytokine mRNA expression in the cerebellum compared to that in the temporal cortex
(Table 3, Fig. 2)

As mentioned above in the data analysis, expression levels of several cytokine mRNA of
interest were shown as the final Cp ratios of the temporal cortex to cerebellum (formula 2),
which were then compared between any two groups of LPC, HPC and AD patient groups
following the comparison among these three groups. Prior to this data analysis, the Cp ratios
of the target-to-reference gene (formula 1) in the temporal cortex and cerebellum were
separately shown by scattergrams (Fig. 2). Generally, data in the cerebellum can be used as
negative controls within the CNS for AD studies, because the specific AD pathological
changes are lowest in the cerebellum [24-26]. In fact, with Campbell-Switzer silver stain,
the cerebella of the 10 AD patients used in the present study showed no (5 patients) or
sparse diffuse and cored (5 patients) plaques, and none of the 10 LPC and 10 HPC patients
had plaques in the cerebellum (Table 2). Contrary to expectation, among the LPC, HPC and
AD patient groups, the corrected Cp ratios of the target (cytokine)-to-reference (PP1A) gene
in the cerebellum (Ce), in comparison with those in the temporal cortex (T), were not always
T>Ce (Table 3, Fig. 2); typically, the Cp ratios of only IL-10 and IL-13 constantly showed
T>Ce, while those of IL-16 and MIF, and IL-6 constantly showed T<Ce and T = Ce,
respectively. The Cp ratios for the rest of cytokines changed as follows (Table 3): T = Ce
(LPC) to T>Ce (HPC, AD) for IL-1B; T = Ce (LPC, HPC) to T>Ce (AD) for IL-1ra, IL-18,
IL-32, IL-8 and ICE; T = Ce (LPC, HPC) to T<Ce (AD) for TNFa; T<Ce (LPC,HPC)to T
= Ce (AD) for IL-33 and TACE; T>Ce (LPC) to T = Ce (HPC) and T>Ce (AD) for MCP-1;
and T = Ce (LPC) to T>Ce (HPC) and T = Ce (AD) for TGFp1.
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Differences in cytokine mRNA expressions in the cerebellum and temporal cortex among
LPC, HPC and AD (Table 4, Fig. 3)

As described above, the corrected Cp ratios in the cerebellum (Ce), in comparison with
those in the temporal cortex (T), were not always T>Ce, although data in the cerebellum
have been recognized as negative controls. This indicates that we next should know whether
the values of the corrected Cp ratios of target (cytokine) to reference (PPIA) (formula 1)
each in the cerebellum and temporal cortex were significantly constant or varied among the
LPC, HPC and AD patient groups (Table 4). The values of the corrected Cp ratios (formula
1) in the cerebellum (Table 4A) actually showed significant alterations only for TNFa
among the three patient groups (p<0.01, Kruskal-Wallis test). In the temporal cortex (Table
4B), there were significant differences in the values of the corrected Cp ratios for 1L-18,
TACE and TGFB1 among the three groups (p<0.05, Kruskal-Wallis test). The cytokines
showing significant alterations among the three groups did not overlap between the temporal
cortex and cerebellum. To confirm the results, we repeated the measurements of the Cp
ratios in the cerebellum and temporal cortex samples three times, which were independently
prepared from the 10 LPC, 10 HPC and 10 AD patients. Examples of stable and varied Cp
ratios in the cerebellum between the three groups are shown in Fig. 3.

Cytokine mRNA expression profiles in the temporal cortex of LPC, HPC and AD brains,
which were normalized to the expression in the cerebellum (Tables 5, 6, Fig. 4)

The corrected Cp ratios (formula 1) of 1L-18, TACE and TGFp1 in the temporal cortex, and
those of TNFa in the cerebellum, significantly varied among the LPC, HPC and AD patient
groups. Nonetheless, comparison of the cytokine expression levels in the temporal cortex,
which is vulnerable to AD pathology, with the levels in the cerebellum, in which the specific
AD pathological changes are lowest, is one of the methods to exclude non-specific cytokine
changes other than AD pathology-specific cytokine changes. Messenger RNA expression
levels of 16 cytokines and related molecules were obtained as the final Cp ratios of the
temporal cortex to cerebellum (formula 2). Subsequently, data were compared among the
three groups (Kruskal-Wallis test), followed by comparison between any two groups of
LPC, HPC and AD patient groups (Steel-Dwass test), each of which consisted of 10 patients
(Table 2). Table 5 shows the means + S. D. (n = 10) of the final Cp ratio in each group, and
Table 6 and Fig. 4 show the results of statistical comparison of the final Cp ratios among the
three patient groups. By the Kruskal-Wallis test, we found significant differences in the
values of the final Cp ratios of IL-1p, IL-10, IL-13, IL-18, IL-33 and TACE among the three
groups (p<0.05). By the Steel-Dwass test, we found significant differences in the values of
the final Cp ratios of IL-1p, IL-10, IL-13, IL-18, IL-33, TACE, and TGFB1 between the
HPC and AD patient groups (p<0.05), and those of IL-1p, IL-10, and I1L-18 between the
LPC and AD patient groups (p<0.05), although the final Cp ratios of TGFB1 showed no
significant differences among the three patient groups with the Kruskal-Wallis test. No
significant differences in the final Cp ratios of any cytokine tested here were observed
between the LPC and HPC patient groups with the Steel-Dwass test. The cytokines, which
showed significant differences in the final Cp ratios (Table 6), covered all the cytokines
showing significant differences in the corrected Cp ratios of the temporal cortex (Table 4B).
The results were confirmed by three repeated experiments, consisting of RT and real-time
PCR amplifications, using tissue samples independently prepared from the 10 LPC, 10 HPC
and 10 AD patients.

Correlation between mRNA expression levels of two cytokines (Table 7, Fig. 5)

Correlation between the final Cp ratios of any pair of cytokines selected from 16 cytokines
and related molecules was statistically analyzed by the Spearman test. The inclusion of HPC
patients in AD studies provides a more continuous spectrum of data between LPC and AD
patients, lending increased substance to correlational inferences about those groups [15]. In
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Table 7, strong (p=0.7, p<0.05) and moderate (0.7>p=0.4, p<0.05) positive correlations
between two cytokines are shown in red and yellow, respectively. A negative correlation
was only observed between TNFa and IL-13, and TNFa and ICE (-0.7<p<-0.4, p<0.05), as
shown in blue in Table 7. The cytokines that represented significantly different final Cp
ratios between the HPC and AD, or LPC and AD patient groups, including IL-1p, IL-10,
IL-13, IL-18, IL-33, TACE and TGFp1, had significant correlations with nine, four, five,
eleven, four, two and four other cytokines, respectively; that is, cytokines included in the
IL-1 superfamily tended to have significant positive correlations with more others. Several
examples of these correlations are shown in Fig. 5. In most correlations of two cytokines,
except those between TNFa and the four cytokines (IL-6, IL-8, IL-13, and ICE), there was a
tendency that the AD patient group showed higher final Cp ratios in both cytokines, while
the LPC patient group showed lower final Cp ratios in both; that is, 10 cases of AD were
plotted in the upper right of the scattergrams of Fig. 5, whereas 10 cases each of LPC and
HPC were plotted in the lower left.

Discussion

In the present study, we examined whether inflammatory cytokines play roles in the
development of AD pathology, particularly prior to the clinical manifestation of overt AD
dementia. To address this issue, we performed relative quantitative measures of mRNA
expression of several cytokines, using real-time PCR analyses following RT reactions of
tissue samples from the temporal cortex and cerebellum of freshly (PMI<4 hr) autopsied
LPC, HPC and AD patients. The cytokine mRNA expression levels were determined by
normalization to the expression levels of a housekeeping gene, PPIA, which showed the
most stable expression among ten housekeeping genes in the same set of brain samples used
for the present study. Selection of the most suitable reference should be one of the basic
concerns in quantitative PCR assays. The normalized data of the cytokine expression levels
in the temporal cortex, which is one of the most vulnerable regions of AD, were divided by
those in the cerebellum, in which the specific AD pathological changes are lowest [24-26].
Subsequently, data on mRNA expression levels of target cytokines were compared among
the LPC, HPC and AD patient groups to answer whether inflammatory events cause or result
from neurodegeneration that leads to the clinical manifestation of overt AD dementia; that
is, we analyzed data to determine whether significant changes in the corrected (formula 1)
and final Cp ratios (formula 2) were observed among LPC, HPC and AD, and between LPC
and HPC, HPC and AD, or LPC and AD.

The corrected Cp ratios of IL-18, TACE and TGF1 in the temporal cortex, and those of
only TNFa in the cerebellum, significantly varied among the LPC, HPC and AD patient
groups. As Figs. 2 and 3 show, individual values of the corrected Cp ratios even in the
cerebellum were not as constant as expected. This variation may not be so much different
from that in the temporal cortex; however, this does not mean that the data in the cerebellum
cannot be used to divide the data in the temporal cortex. Regardless of the instability of the
corrected Cp ratios in the cerebellum, comparison of the corrected Cp ratios in the temporal
cortex with those in the cerebellum is still one of the methods to exclude non-specific
cytokine changes other than AD pathology-specific cytokine changes, as long as the specific
AD pathological changes are lowest in the cerebellum. The cerebellum is described as an
area relatively lacking AP deposits, except amyloid angiopathy, despite Ap generation in all
brain regions [24], synaptic AP and phosphorylated tau (p-tau), which finally result in senile
plaque and NFT formation, are lowest in the cerebellum [25], and Pittsburgh Compound-B
(PiB), which generally labels compact/cored not diffuse/amorphous plaques, is not
detectable in the cerebellum [26]. In fact, with Campbell-Switzer silver stain, the cerebella
of the 10 AD patients used in the present study showed no (5 patients) or sparse diffuse and
cored (5 patients) plaques without dystrophic neurites, NFTs or glial reaction, as reported by
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other laboratories [46, 47], and none of the LPC and HPC patients had plaques in the
cerebellum. Therefore, inflammatory changes that are linked to the specific pathological
hallmarks of AD are thought to be very low in the cerebellum. The changes in the
cerebellum can be regarded, for example, as the effects by inflammatory mediators derived
from circulating plasma and PBMC that are not related to AD but possibly due to other
complications outside the CNS. The patients in the present study had no severe systemic
infectious or inflammatory disorders, but had other miscellaneous disorders including lung,
heart and kidney diseases, and small cancers, and different agonal states, all of which
possibly affect the inflammatory response of the patients. Thus, the cerebellum is resistant to
AD pathology; however, little is known about the mechanisms underlying the protection of
cerebellum against AD pathology [48]. Regional differences in multiple complex processes
of the genesis and fate of AB, and immune responses between the AD tissues of the
cerebellum and cerebral cortex should be examined in the future [24, 49].

We successfully found significant statistical differences (p<0.05, Steel-Dwass test) in the
final Cp ratios of IL-1p, IL-10, IL-13, IL-18, IL-33, TACE, and TGFB1 between the HPC
and AD patient groups. This indicates that levels of mMRNA encoding IL-1p, IL-10, IL-13,
IL-18, IL-33, TACE and TGFB1, not IL-1ra, IL-6, IL-8, IL-16, IL-32, MCP-1, MIF or ICE,
significantly increased in the temporal cortices (normalized to data of the cerebella) of AD
patients compared to those of HPC patients; however, no significant differences in any
cytokine listed above were observed between the LPC and HPC patient groups (Steel-Dwass
test), indicating that major cytokines did not show any change in the HPC patients compared
to the LPC patients.

Based on the characteristics of HPC patients [14, 15], the present study suggests that major
cytokines that have previously been reported to be involved in neuroinflammation in AD [3,
29, 30] are more mobilized and implicated in the later AD stage when significant cognitive
decline occurs and develops than in the developmental course of AD pathology prior to the
manifestation of overt dementia. The conditions of the production and presence of cytokines
in the HPC brain are closer to those of LPC than AD. Our results are consistent with the fact
that HPC patients were reported to have little evidence of inflammation, a finding
distinguishing HPC from AD [14, 15]. It has been suggested that synaptic impairment,
which is observed in the AD but not the HPC brain, is the proximal cause of dementia [15,
501, and neuroinflammation has been proposed to be one of the candidates initiating and
propagating synaptic loss, which leads to the further progression of AD pathology with the
manifestation of dementia [2, 50]; however, it is unlikely that neuroinflammation
significantly precedes neurodegeneration or synaptic loss, or is profoundly involved in
initiating or propagating neocortex A deposition. Neuroinflammation is not the most likely
candidate for a more primary AD pathologic process. In that case, is it always a secondary
response to the hallmarks of AD? Our results may not exclude the possibility that the
presence of AP deposition alone is insufficient or other factors, such as neuroinflammation,
cooperate with AB, which is thought to primarily drive synaptic loss [51], in the further
development of neurodegeneration in the later AD stage. This could be disputed, assuming
that HPC or early AD patients fail to show dementia symptoms or evidence of
neurodegeneration, despite profuse neocortex Ap deposition, because their plaques are
almost wholly of the diffuse type; however, the plaque type, distinguished by thioflavin
histofluorescence or A immunohistochemistry, does not discriminate HPC from AD
patients, although it does distinguish HPC from LPC patients [15].

Is neuroinflammation still a secondary response to the hallmarks of AD? Neuroinflammation
is a complex process involving a wide array of molecular interactions, which in the CNS
remain to be further characterized [4]. Our present study indicates the involvement of the
IL-1 superfamily, such as IL-1, IL-18 and IL-33, in AD pathology. This is consistent with
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IL-1 being an important regulator of the inflammatory cascade, and IL-1 is thought to be one
of the most influential cytokines expressed during initial disease pathogenesis [4]; therefore,
no involvement of the IL-1 superfamily in HPC brains may indicate that, at least, most
cytokines involved in a wide array of inflammatory cascades are less involved in stages
prior to the manifestation of overt dementia. Furthermore, anti-inflammatory cytokines,
including IL-10 and 1L-13, have generally been described as potent negative regulators of
the synthesis of cytokines such as IL-1p [52, 53], and are expected to participate in a
counter-regulatory or reciprocal mechanism to protect the CNS from detrimental
neuroinflammation [30, 33—-35]. Among the comparisons between two cytokines (Table 7,
Fig. 5), strong (p=0.7, p<0.05) positive correlations were observed between IL-1f and
IL-10, and IL-1p and IL-13. Both IL-1p and its competitors increased in AD, compared to
LPC and HPC, suggesting that such cytokine increments are secondary inflammatory
responses to AD pathology. Thus, our correlation study data (Fig. 5A-C) may partly support
the possibility that neuroinflammation is a secondary response to the hallmarks of AD.

Considering the role of IL-1, other IL-1 family members, IL-18 and IL-33, are expected to
play important roles in neuroinflammation. In fact, IL-18 is reported to increase in AD
patients and be correlated with cognitive decline [54]. IL-33 has begun to attract our
attention regarding its function in the CNS [55]. There is a report demonstrating a decreased
expression of IL-33 in AD brains [56], contradictory to our results, although it is not clear
whether such 1L-33 in the brain functions as an IL-1 family cytokine or a transcription
factor.

Significant changes in TACE were observed between AD and HPC. It should be noted that
TACE may act on APP metabolism by regulating a-secretase activity [57] as well as on
TNFa processing [58]. TNFa is one of the most important regulatory cytokines [4], and has
received a great deal of study in AD [30]. Evidence suggests that TNFa overexpression is
likely one of the key events leading to AD pathogenesis [4]; however, TNFa expression in
the AD brain generally seems to be upregulated, while its decline in AD is also reported [19,
59]; in addition, TNFa shows bidirectional effects, supportive and harmful to neurons [60].
In the present study, the corrected Cp ratio (formula 1) for TNFa in the cerebellum of the
AD patient groups was significantly higher than that of the LPC patient group, although the
corrected Cp ratio in the temporal cortex (formula 1) or final Cp ratio (formula 2) for TNFa
was not; that is, TNFa expression levels increased in the cerebellum, not in the temporal
cortex, of AD patients compared to LPC patients. Some, but an as yet uncertain mechanism
involving neuroinflammatory mediators, such as TNFa, may underlie the protection of the
cerebellum against AD pathology. Clarifying this protection in the cerebellum may open a
new avenue to develop strategies for AD therapy [48]. We should pay more attention to the
cerebellum of AD.

In conclusion, we demonstrated that major cytokines were not more expressed in non-
demented patients with increasing AD pathology, compared to normal control patients,
indicating no profound involvement of neuroinflammation in initiating and propagating AD
pathology prior to the clinical manifestation of overt AD dementia, as long as we only
measured mRNA transcription in the temporal cortex and cerebellum. Our results also
suggest that the mobilization of major cytokines, except TNFa., is a secondary response to
the hallmarks of AD, occurring in the later symptomatic stages.
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Fig. 1. Campbell-Switzer silver staining

Representative images of Campbell-Switzer silver staining in the neocortex of LPC, HPC
and AD cases. The images show senile plaques and NFTs in AD (A) and HPC (C) cases, not
in an LPC case (B). Scale bars = 100 um
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Fig. 2. Scattergrams of corrected Cp ratios of the target (cytokine)-to-reference gene (formula 1)
in the cerebellum compared to those in the temporal cortex
Representative scattergrams of the corrected Cp ratios of IL-10 (A)-, IL-16 (B)-, IL-33 (C)-
and TNFa (D)-to-reference gene (PPIA) (formula 1) in the LPC, HPC and AD patient
groups, calculated separately in the cerebellum (Ce) and temporal cortex (T) by formula 1.
The vertical axes represent the corrected Cp ratios. Among the LPC, HPC and AD patient
groups, the corrected Cp ratios in the cerebellum (Ce), in comparison with those in the
temporal cortex (T), are not always T>Ce; typically the Cp ratios of IL-10 constantly show
T>Ce (A), while those of IL-16 constantly show T<Ce (B). The Cp ratios of IL-33 (C) and
TNFa (D) change among the LPC, HPC and AD patient groups: T<Ce (LPC,HPC)to T =
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Ce (AD), and T = Ce (LPC, HPC) to T<Ce (AD), respectively; however, the former shows

unvaried Cp ratios, while the latter shows varied Cp ratios, in the cerebellum (Ce) (See also
Fig. 3). *, p<0.05; **, p<0.01; n.s., not significant (Wilcoxon signed-ranks test).

J Alzheimers Dis. Author manuscript; available in PMC 2013 February 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morimoto et al. Page 19
(A) IL-10 (B) IL-16
40000 0.03
.
S
30000 f ¢
0.02 | .
.
*
* *
20000 TS P 3 3
. | s
0.01 | 3
10000 | 3 i
L 2
° g °
°
0 .; L ‘ ‘ 0 L
LPC HPC AD LPC HPC AD
(O)IL-33 (D) TNFa .k
0.8 0.07
*
*
0.7 r 0.06
06 |
0.05 °
05 $
0.04 | .
04 | .
. 0.03 | . *
| L
03 . . *
s 0.02
02 t : $ ; . .
TS
. s 0.01 2
o1 f * s
$ . ¢ .
0 ) ) A . A A , 0 : ] 3
LpC HPC AD LPC HPC AD

Fig. 3. Comparison of corrected Cp ratios of the target (cytokine)-to-reference gene (formula 1)
in the cerebellum among LPC, HPC and AD patient groups

Representative scattergrams of the corrected Cp ratios of IL-10 (A)-, IL-16 (B)-, IL-33 (C)-,
and TNFa (D)-to-reference gene (PPIA) (formula 1) in the cerebellum show no significant
alterations among the LPC, HPC and AD patient groups, except in TNFa (D) (p<0.05,
Kruskal-Wallis test). The vertical axes represent the corrected Cp ratios. **, p<0.01 (Steel-
Dwass test).
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Fig. 4. Comparison of final Cp ratio of the temporal cortex to cerebellum (formula 2) among
LPC, HPC and AD patient groups

Representative scattergrams of the final Cp ratios of the temporal cortex to cerebellum
(formula 2) in 1L-1B (A), IL-6 (B), IL-10 (C), IL-16 (D), IL-33 (E), and TNFa (F) among
the LPC, HPC and AD patient groups. The vertical axes represent the final Cp ratios.
Significant statistical differences in the final Cp ratios of IL-1p (A), IL-10 (C), and I1L-33
(E) are observed between the HPC and AD patient groups, and those of IL-1f (A) and IL-10
(C) are observed between the LPC and AD patient groups, while no significant differences
in these cytokines are seen between the LPC and HPC patient groups. *, p<0.05; **, p<0.01
(Steel-Dwass test).
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Fig. 5. Correlation between final Cp ratios of two cytokines
Representative correlation curves between the final Cp ratios of IL-1p and IL-1ra (A), IL-10
and IL-13 (B), IL-33 and 1L-18 (C), and IL-13 and TNFa (D). Among these correlations,
strong (p=0.7) and moderate (0.7>p=0.4) positive correlations are observed between IL-10
and IL-13 (B); and IL-1B and IL-1ra (A), and IL-33 and IL-18 (C), respectively, while
moderate (—0.7<p<-0.4) negative correlations are observed between IL-13 and TNFa (D)
(Spearman test). A tendency for 10 cases of AD (green) to be plotted in the upper right of
the scattergrams, whereas for 10 cases each of LPC (blue) and HPC (red) to be plotted in the
lower left, is observed in panels A to C, but not in panel D. **, p<0.05
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Patient demographics

Table 2

patient condition

AD

HPC

LPC

Total number of cases ™
Age at death (years) >
Gender (F/M) *

PMI (hrs) ™

Brain weight (gr) *
CERAD
plaque score
neuropathology

Braak staging *

Plaques in the cerebellum *

NIA-Reagan (likelihood of AD)

MMSE **

ApoE allele edled™
e4fe3™
others ™

10
88+ 5.8 (79-97)2
6/4
2.5+0.6(15-3.2)0

982 +103¢

C

definite AD
V:6,VI. 4
sparse: 5, no: 5
high

2.7 £5.2(0-16)7
1

3

6

10
85 + 6.3 (78-94)4
5/5

2.6 +0.4(2.0-35)Y

1153 +936 €

B
possible AD
11: 8, 1V: 2

no: 10
no

29.4 £ 0.5(29-30)%
0

3

7

10

84.3 +5.6(78-97)2
4/6
2.4+0.6(15-3.8)Y

1237+ 146 €

not AD
1:4,11: 6
no: 10
no

29.1 % 1.1(28-30)% f
1

3

6

*
Values are the number of cases.

*ok

Values are expressed as the means + S.D. and values in parentheses are the lowest and highest values.

a bNo significant differences;

& dp<0.05 (Kruskal-Wallis test)

ef, . .. .
No significant differences (Steel-Dwass test)
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Corrected Cp ratio of the target-to-reference gene (formula 1) in the cerebellum (Ce) compared to that in the
temporal cortex (T)

cytokine LPC HPC AD

IL-1B T=Ce T>Ce (0.038) T > Ce (0.008)
IL-1ra T=Ce T=Ce T > Ce (0.028)
IL-6 T=Ce T=Ce T=Ce

I1L-10 T>Ce (0.005) T>Ce(0.005) T >Ce (0.005)
IL-13 T>Ce(0.013) T>Ce(0.005) T >Ce (0.047)
IL-16 T<Ce(0.005) T<Ce(0.005) T <Ce/(0.005)
1L-18 T=Ce T=Ce T > Ce (0.017)
1L-32 T=Ce T=Ce T = Ce (0.059)
IL-33 T<Ce(0.047) T<Ce(0.017) T=Ce

IL-8 T=Ce T=Ce T > Ce (0.028)
MCP-1 T>Ce(0.013) T=Ce T > Ce (0.005)
MIF T <Ce(0.005) T<Ce(0.005) T < Ce(0.005)
ICE T=Ce T=Ce T = Ce (0.059)
TACE T<Ce(0.075) T<Ce(0.005) T=Ce

TNFa T=Ce T=Ce T < Ce (0.028)
TGFB1 T=Ce T=2Ce(0.093) T=Ce

Values in parentheses: p values by the Wilcoxon signed-ranks test. T>Ce and T<Ce mean p<0.05, comparison between the corrected Cp ratios of

the temporal cortex and cerebellum. T>Ce and T<Ce, and T = C mean 0.1>p>0.05 and p>0.1, respectively.
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Table 7

Correlation between the final Cp ratios of two cytokines

IL-1p IL-1ra IL-6 IL-10  IL-13  IL-16 IL-18 IL-32 IL-33 IL-8  MCP-1MIF ICE  TACE TGFR1 TNFa

IL-1R
IL-1ra
IL-6
IL-10
IL-13
IL-16
IL-18
IL-32
IL-33
IL-8
MCP-1
MIF
ICE
TACE
TGFR1
TNFo

Correlation between the final Cp ratios of any pair of cytokines selected from 16 cytokines and related molecules tested in the present study was
statistically analyzed. Strong (p=0.7, p<0.05) and moderate (0.7>p=0.4, p<0.05) positive, and moderate negative (-0.7<p<-0.4, p<0.05)
correlations between two cytokines are shown in red, yellow and blue, respectively (Spearman rank correlation test).
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