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Abstract
Alzheimer’s disease (AD) is a progressive neurodegenerative disease that
destroys memory and cognitive function. Inflammasome activation has been
suggested to play a critical role in the neuroinflammatory response in AD pro-
gression, but the cell-type expression of inflammasome proteins in the brain
has not been fully characterized. In this study, we used samples from the hip-
pocampus formation, the subiculum, and the entorhinal cortex brain from
17 donors with low-level AD pathology and 17 intermediate AD donors to
assess the expression of inflammasome proteins. We performed analysis of hip-
pocampal thickness, β-amyloid plaques, and hyperphosphorylated tau to
ascertain the cellular pathological changes that occur between low and inter-
mediate AD pathology. Next, we determined changes in the cells that express
the inflammasome sensor proteins NOD-like receptor proteins (NLRP) 1 and
3, and caspase-1. In addition, we stained section with IC100, a humanized
monoclonal antibody directed against the inflammasome adaptor protein
apoptosis-associated speck-like protein containing a caspase recruitment
domain (ASC), and a commercially available anti-ASC antibody. Our results
indicate that hippocampal cortical thickness did not significantly change
between low and intermediate AD pathology, but there was an increase in
pTau and β-amyloid clusters in intermediate AD cases. NLRP3 was identified
mainly in microglial populations, whereas NLRP1 was seen in neuronal cyto-
plasmic regions. There was a significant increase of ASC in neurons labeled by
IC100, whereas microglia in the hippocampus and subiculum were labeled
with the commercial anti-ASC antibody. Caspase-1 was present in the paren-
chyma in the CA regions where amyloid and pTau were identified. Together,
our results indicate increased inflammasome protein expression in the early
pathological stages of AD, that IC100 identifies neurons in early stages of AD
and that ASC expression correlates with Aβ and pTau in postmortem AD
brains.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is characterized clinically by
functional and cognitive impairment, particularly mem-
ory loss [1, 2]. The pathomechanisms that contribute to
AD include the accumulation of misfolded protein aggre-
gates of extracellular amyloid-β (Aβ), intracellular hyper-
phosphorylated tau (pTau) neurofibrillary tangles, and
chronic neuroinflammation [1, 2]. Anatomically, the hip-
pocampus is affected early in the disease and then the
neurodegeneration progresses throughout the cerebral
cortex [1, 2].

Emerging evidence supports the idea that there is a
link between the misfolded protein aggregates and the
activation of the inflammasome of the innate immune
system [3]. The inflammasome is comprised of
caspase-1, apoptosis-associated speck-like protein con-
taining a caspase recruitment domain (ASC), and a
sensor protein such as NOD-like receptor1 (NLRP1)
or NLRP3 [4]. The sensor NLR protein binds to
pathogen-associated molecular patterns or danger-
associated molecular patterns to activate the inflam-
masome [5]. Inflammasome activation is accompanied
by oligomerization of the sensor that then recruits
monomeric ASC which oligomerizes with an NOD-
like receptor such as NLRP3 via homotypic interac-
tions between the PYRIN domain (PYD) of ASC and
the PYD of NLRP3 [6, 7]. Upon aggregation of ASC
with NLRP3, pro-caspase-1 is recruited and binds to
ASC via homotypic CARD-CARD interactions
between the two proteins. The activated inflamma-
some leads to the cleavage of caspase-1 into its active
form, leading to the production of mature interleukin
(IL)-1β and IL-18 [8]. These pro-inflammatory cyto-
kines are then secreted to spread the inflammatory sig-
nal. Moreover, active caspase-1 also cleaves
gasdermin-D (GSDM-D) [9]. Upon GSDM-D cleav-
age, the N-terminus is inserted into the cell membrane
to form a pore through which IL-1β and IL-18 are
released, resulting in pyroptosis [9]. Pyroptosis leads
to inflammasome proteins being released into the
extracellular space, including the release of oligomer-
ized ASC in the form of ASC specks that present
prion-like properties [10, 11]. Extracellular ASC
specks remain present for long periods of time, while
retaining their ability to cleave pro-IL-1β, and thus,
perpetuating inflammation [12]. Importantly, this
prion-like propagation of inflammation by ASC
specks contributes to a progressive inflammatory state
that plays a central role in neurodegeneration [13].

Recent studies have implicated an important role for
the NLRP3 inflammasome and ASC specks in the spread
of the inflammatory response and the aggregation of mis-
folded proteins characteristics of neurodegenerative dis-
eases [3]. For instance, Aβ aggregates trigger NLRP-3
inflammasome activation in microglia [14]. Importantly,
extracellular ASC specks directly cross-seed Aβ

aggregates in vitro and in vivo [11]. Moreover, therapeu-
tics targeting the NLRP3 inflammasome [15, 16] and
ASC specks [11] have shown promising results in animal
models of AD [17].

Previous studies using anti-ASC antibodies have
shown that this therapeutic approach reduces pathol-
ogy in several indications, including spinal cord injury
[8], traumatic brain injury [18], acute lung injury
[19–21], multiple sclerosis [22] and aging [23]. We have
developed IC 100, a humanized and deimmunized
monoclonal antibody (mAb) (IgG4k) against ASC
[22], and in this study, we used IC100 and a commer-
cially available anti-ASC antibody to determine the
cell-type distribution of ASC in postmortem brains
from donors with AD. Moreover, we also employed a
panel of commercially available antibodies to identify
Aβ and pTau, and the inflammasome proteins,
NLRP-1, NLRP-3, and caspase-1 in postmortem
human brains with and without intermediate AD neu-
ropathological changes.

2 | MATERIALS AND METHODS

2.1 | Postmortem human brains

Informed consent was acquired for postmortem examina-
tion research according to the University of Miami, Insti-
tutional Regulatory Board (IRB) guidelines.

2.2 | Tissue preparation

Seventeen postmortem brains from donors with interme-
diate AD (intermediate AD neuropathological changes
(Braak III–VI) average age 83.41 ± 7.05 years; 10 females
and 7 males) were used in this study, and 17 age-matched
non-demented controls with age-related neuropathologi-
cal changes (low AD neuropathological changes (Braak
0–II); average age 84.59 ± 10.26 years; 10 females and
7 males). The neuropathological staging was based on a
complete histological assessment including samples taken
from 20 different brain regions and a panel of 15 immu-
nohistochemical stains (anti-mouse monoclonal AT-8
(ptau) immunostaining completed in 7 brain regions and
anti-mouse monoclonal beta-amyloid immunostaining
completed in 8 brain regions) and 7 brain regions stained
with Bielschowsky Silver Technique. The diagnosis of
cognitive status was provided by a clinician as noted in
the patient charts (i.e., based on clinical assessment or
MMSE score) or ascertained via the Modified Telephone
Interview for Cognitive Status (TICS-M) before death for
[24, 25] and re-evaluated by a cognitive neurologist
(X.S.). The TICS-M score was analyzed using the opti-
mal cutoff scores described in [26]. In brief, using the
TICS-M scores that were in the 62% range (e.g., ≥31/50)
were characterized as no cognitive disorders [26].
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TABLE 1 Summary of the clinical details of the human postmortem cases

Age Sex PMI A C B Braak
Clinical
assessment COD Race

Low AD

188 F 9.00 1 1 1 Stage I No Cognitive
Disorder

Arteriovascular sclerotic disease Caucasian

287 M 8.00 1 0 1 Stage I No Cognitive
Disorder

Cardiac Arrest; Atherosclerotic Disease Caucasian

386 F 37.00 1 0 1 Stage II No Cognitive
Disorder

urethral cancer, heart murmur Caucasian

489 F 4.55 1 1 1 Stages
I–II

No Cognitive
Disorder

Coronary Artery Disease; Atrial fibrillation;
Hypertension

Caucasian

596 F 6.00 0 1 1 Stages
I–II

No Cognitive
Disorder

Generalized atherosclerosis Caucasian

691 F 18.66 0 0 1 Stage I No Cognitive
Disorder

End Stage Congestive Heart Failure Caucasian

792 F 22.30 1 0 1 Stage II No Cognitive
Disorder

Atherosclerotic Heart Disease Caucasian

872 M 17.25 0 0 1 Stage I No Cognitive
Disorder

Atherosclerotic Coronary Artery Disease,
Ischemic Cardiomyopathy

Caucasian

972 M 17.66 0 0 0 Stage 0 No Cognitive
Disorder

Acute Myocardial Infarction; Diabetes
Mellitus

Caucasian

1073 M 20.50 2 0 1 Stage I No Cognitive
Disorder

Atherosclerotic Heart Disease;
Cardiomyopathy; Diabetes

Caucasian

1174 F 34.9 1 0 1 Stage I No Cognitive
Disorder

chronic kidney disease Caucasian

1267 F 25.95 1 0 1 Stage 1 No Cognitive
Disorder

Atherosclerotic Coronary Artery Disease,
Tobacco Abuse, Hypertension

Caucasian

1394 M 23.40 2 0 1 Stage 1 No Cognitive
Disorder

Congestive Heart Failure Caucasian

1490 F 24.30 1 1 1 Stage II No Cognitive
Disorder

Cardiac Arrest; Respiratory Arrest;
Unspecified Natural

Caucasian

Causes; Cardiovascular Disease

1593 M 16.88 1 1 1 Stages
I–II

No Cognitive
Disorder

Cardiac Arrest; Atherosclerotic Disease Caucasian

1672 M 24.28 1 0 0 Stage 0 No Cognitive
Disorder

Acute Myocardial Infarction caused by
Hypertensive

Caucasian

Arteriosclerotic Cardiovascular Disease

17102 F 10.30 0 0 1 Stage II No Cognitive
Disorder

Failure to thrive Caucasian

Mean 84.588 18.88

Intermediate
AD

192 M 12.00 3 3 2 Stages
III–IV

Moderate Acute Renal Failure Caucasian

290 F 8.48 2 3 2 Stage III Moderate Acute Renal Failure Caucasian

390 F 22.12 2 3 2 Stages
III–IV

Severe Advanced Dementia; vascular Caucasian

491 F 15.00 3 2 2 Stage III Moderate Lung cancer Caucasian

579 F 18.28 2 3 2 Stage III Moderate Cardiac Arrest; Atherosclerotic Disease Caucasian

682 M 17.60 2 3 2 Stages
III–IV

Moderate Cardiac Arrest; Atherosclerotic Disease Caucasian

794 F 18.45 2 2 2 Stages
III–IV

Moderate Cardiopulmonary Arrest Caucasian

882 M 18.22 2 2 2 Moderate Cardiac Arrest; Vascular Dementia Caucasian

(Continues)
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Dementia was described as either moderate dementia or
severe dementia and was determined by the clinical nota-
tion and reviewed by the cognitive neurologist. Cases
with clinical findings of non-AD neurodegenerative dis-
eases were excluded from the study. The primary cause of
death in each case was given by the clinician and the level
of AD neuropathological changes were confirmed by a
neuropathologist (S.H.G.). The final diagnosis of low
AD neuropathological changes without dementia or
intermediate AD neuropathological changes with demen-
tia was established based on clinical assessment and neu-
ropathological findings at consensus review meeting.
Clinical details can be found in Table 1.

In brief, whole brains were procured on a postmortem
interval (PMI) of an average of 17.23 ± 8.72 h after the
time of death. The left hemisphere was frozen, and the
right hemisphere was fixed in 10% formalin (pH 7.0) for
1 month, and then it was sliced, sampled and embedded
in paraffin blocks that were processed on a Leica Tissue-
Tek Processor (Leica Biosystems). Paraffin-embedded tis-
sue sections were then taken from the hippocampus for-
mation, which included the entorhinal cortex, the Cornu
Ammonis (CA) regions CA1–CA3, the subiculum, and
the dentate gyrus (DG) and were used for immunohisto-
chemical and histochemical staining as described below.
Paraffin-embedded tissue-blocks were sectioned at a
20-μm thickness with 20 retrieved serial sections using a
Leica RM2245 microtome (Leica Microsystems Ltd.).

Three sections based on a systematic sampling principle
and a section-sampling fraction of 1/5 [27] were selected
from each block for further investigations.

2.3 | Immunohistochemistry and
histochemistry

Standard immunohistochemistry procedures for 20-μm-
thick brain sections have been described previously in
[28, 29]. In brief, after deparaffinization, endogenous per-
oxidase activity was quenched by placing the slides into
3% hydrogen peroxide (H2O2) for 10 min. Sections were
immersed in preheated 10 mM citric acid (VWR),
pH 6.0, for 30 min and cooled in cold water or pretreated
with formic acid (Sigma-Aldrich) for 5 min. Sections
were then blocked in 5% goat serum (Vector Laborato-
ries) for 20 min before being incubated overnight at 4�C
in a solution of mouse anti-Phospho-Tau (Ser202,
Thr205) Antibody (AT-8; 0.4 μg/ml; Thermo Fisher Che-
micals), mouse anti-β-Amyloid (6E10; 1.0 μg/ml; BioLe-
gend), rabbit anti-NLRP3 (3.0 μg/ml; MilliporeSigma),
mouse anti-NLRP1 (1.0 μg/ml; Enzo Life Sciences),
mouse anti-ASC (B-3; Santa Cruz Biotechnology,
0.4 μg/ml) human anti-ASC (IC100, 2 μg/ml; as described
in [22, 23]) and rabbit anti-caspase 1 (0.6 μg/ml; Millipor-
eSigma) in PBS. The next day, sections were exposed
to biotinylated horse-anti-mouse IgG or biotinylated

TABLE 1 (Continued)

Age Sex PMI A C B Braak
Clinical
assessment COD Race

Stages
III–IV

987 M 13.91 2 3 3 Stages

V–VI

Moderate Sepsis caused by urinary tract infection Caucasian

1080 M 10.53 3 2 3 Stages
V–VI

Moderate Cardiac Arrest; Atherosclerotic Disease Caucasian

1178 M 14.51 2 2 2 Stages
III–IV

Moderate Cardiac Arrest; Atherosclerotic Disease Caucasian

1278 F 6.00 2 2 2 Stages
III–IV

Moderate Cardiac Arrest; Atherosclerotic Disease Caucasian

1379 F 6.40 1 3 3 Stages V–
VI

Severe Cardiac Arrest; Atherosclerotic Disease Caucasian

1466 F 44.25 3 3 2 Stages
III–IV

Moderate Urinary Tract Infection Caucasian

1583 M 15.12 2 2 2 Stages
III–IV

Moderate Liver Failure Caucasian

1677 F 10.75 2 2 2 Stage III Moderate Cardiac Arrest; Atherosclerotic Disease Caucasian

1790 F 13.25 2 1 2 Stages
III–IV

Moderate Lung Cancer Caucasian

Mean 83.412 15.58

Note: PMI = postmortem interval; Yr = year; A Score = Aβ immunopositivity, Thal Phase; C Score = neuritic plaque density, CERAD; B Score = Neurofibrillary
tangles; COD = Cause of Death; AD = Alzheimer’s disease; M = male; F = female; No Cognitive Disorder ≥62% on Modified Telephone Interview for Cognitive Status
(TICS-M; score 61–54%); Moderate = Moderate dementia; Severe = Severe dementia.
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goat-anti-rabbit IgG secondary antibody (15 μg/ml; Vector
Laboratories) in PBS for 1 h followed by avidin-biotin
complex for 1 h (1:200, ABC; Vector Laboratories). Reac-
tions were visualized with 3,30-diaminobenzidine
(MilliporeSigma) for 10 min. Finally, the sections were
dehydrated, cleared in xylene, and cover slipped. As nega-
tive low AD, we performed staining in the absence of the
primary antibodies and no specific staining was identified
in these preparations. In addition, we used a sample of
skin and tonsil as positive low AD and compared the
immunoreactivity described in [30] and https://www.
proteinatlas.org/ (Figure S1).

2.4 | Immunofluorescence labeling

To identify the cellular location of the NLRP proteins,
immunofluorescence (IF) triple-labeling was performed on
the intermediate AD and on the low AD samples. Primary
antibodies rabbit anti-NLRP3 (3.0 μg/ml) and mouse anti-
NLRP1 (1.0 μg/ml) were mixed in separate cocktail solu-
tions with compatible antibodies, as follows: chicken poly-
clonal anti-ionized calcium-binding adaptor molecule
1 (Iba-1; 0.1 μg/ml) or rabbit polyclonal Iba-1 (0.5 μg/ml;
Wako Chemicals) as a marker for microglia and macro-
phages and guinea pig neuronal nuclear antigen (NeuN;
0.3 μg/ml; MilliporeSigma) and a marker for neurons. Sec-
tions were pretreated as described above and blocked in 5%
goat serum for 20 min before the primary antibodies were
applied and incubated overnight at 4�C. Following primary
antibody incubation, sections were rinsed three times in
PBS, for 3 min before the secondary antibodies were added.
The samples were finally soaked for 1.5 h in PBS containing
secondary antibody cocktail: goat anti-mouse IgG conju-
gated to Alexa Fluor 488 (4 μg/ml; Invitrogen) or goat anti-
rabbit IgG conjugated to Alexa Fluor 488 (4 μg/ml; Invitro-
gen). Included in the cocktails were goat anti-chicken IgG
conjugated to Alexa Fluor 546 (4 μg/ml; Invitrogen) or goat
anti-rabbit IgG conjugated to Alexa Fluor 546 (4 μg/ml;
Invitrogen) and goat anti-guinea pig conjugated to Alexa
Fluor 647 (4 μg/ml; Invitrogen). Finally, the sections cover
slipped using ProLong Gold antifade reagent (Invitrogen)
and kept in the dark at 4�C until analysis.

2.5 | Microscopic analyses

Hematoxylin and eosin (H&E) staining was used to evalu-
ate the general morphology of the brain tissue and orienta-
tion of the brain regions as described previously [31]. For
H&E staining, standard tissue paraffin block was sectioned
at 20-μm thickness and the slides were allowed to dry and
heated at 60�C for 30 min. Before staining, sections were
deparaffinized in three changes of xylene and rehydrated
through graded concentrations of ethanol. Sampling areas
and the strategies for identifying regions of interest were
shown using standard H&E-stained sections (Figure 1A).

Multichannel confocal triple-labeled microphoto-
graphs were captured using a Leica SP8 spectral confocal
microscope with settings appropriate for the fluorophore.
Images were captured with a Leica microscope DM6000
B using a 40� objective (Leica Microsystems Ltd.) and
processed in Adobe Photoshop (version 11.0.2; Adobe
Systems Inc.).

2.6 | Hippocampal thickness

Images of H&E-stained sections were obtained using
the standard virtual tissue scan (EasyScan, Motic
Microscopes) at a 40� magnification as described in
[32]. Unbiased measurement of thickness of the hippo-
campus was done using the “Incremental Distances”
plugin (Image-Pro Premier; Media Cybernetics) to mea-
sure the distance between the white matter boundary
and the edge of the hippocampus formation (i.e., edge
of stratum oriens to the edge of the stratum lacunosum)
using perpendicular lines with a 10-μm step to give an
average of 100 measures, in an average area of 3 mm2

per slide.

2.7 | Neurofibrillary tangles, neuritic plaques,
and ASC positive counts

Unbiased cell counts of AT-8 pTau positive neurons,
ASC positive cells, and Aβ clusters in 1 mm2 of tissue
were obtained using the extended Depth of Field (EDF)
virtual tissue scan, which allowed for a series of Z-stack
images to be transformed into a single image (EasyScan,
Motic Microscopes). Three contours from each region of
interest (ROI) were taken from the CA1, CA2, CA3, the
subiculum, and the adjacent DG, which encompassed an
average area of 3.2 mm2 per region using the Image-Pro
Premier (Media Cybernetics) program. ROIs were deter-
mined by the cellular architecture as described in [33] and
sampled from the postmortem brains: CA1 was sampled
from regions anterior to the DG, CA2 was sampled from
the region posterior to the DG and CA3 was sampled
from regions that are adjacent to the opening of the
DG. For each region, the CA scans encompassed all
layers of the strata.

Cellular densities of positive-stained cells and Aβ clus-
ters in all contours were quantified by investigators who
were blinded to case data. Tissue scans were reviewed
(by RV) to ensure that counts had met the criteria to
avoid duplication of counts (e.g., an area containing a
positive nucleus [>10 μm2] connected positive processes
or Aβ clusters [>20 μm2]). In a pilot study, we confirmed
that the counting profile described previously counted the
correct number of labeled cells and nuclei (using an Ima-
geJ cell counter).

Estimation of number density was performed by
applying the following formula [34]:
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N ¼ΣQ�

V

where N is the total number of cells or clusters per
volume of brain region; ΣQ� is the number of counted
cells; and V is the volume of regions of interest per sam-
pling frame.

2.8 | Data analysis

In this study, we used a Student’s t test to compare the
variables between two groups (AD and control) in all
experiments. Data were presented as mean ± standard
deviation (SD); significance was assumed at p < 0.05. All
statistical analyses and generation of plots were per-
formed using GraphPad Prism 9.0 (GraphPad Software).

3 | RESULTS

3.1 | Donors and AD pathology

Experiments in this study were designed to determine the
density and distribution of Aβ and pTau, and the expres-
sion of inflammatory proteins, NLRP1, NLRP3, ASC,
and caspase-1 in postmortem human brains with and
without intermediate AD neuropathological changes.
Neuropathological scores and demographics are shown
in Table 1.

The Braak score in the low AD group ranged from
0 to II; none to low AD neuropathological change. The
neuropathological score for the distribution of neurofi-
brillary tangles ranged from B0 to B1 with a mode of B1
(i.e., neurofibrillary tangles were mainly seen in the

subiculum and CA1). The Aβ diffuse plaque distribution
score, Thal phase, and A score, ranged from A0 to A2,
with a mode of A1 and the neuritic plaque density or
CERAD score, ranged from C0 to C1 with a mode of
C0. Causes of death were caused by the complications of
cardiovascular disease (14 donors), renal failure (1 donor),
cancer (1 donor), and liver failure (1 donor).

Donors with intermediate AD had Braak Scores that
ranged from III to VI; intermediate neuropathological
change. The neuropathological score for the distribution
of neurofibrillary tangles ranged from B2 to B3 with a
mode of B2 (i.e., neurofibrillary tangles were seen
throughout the subiculum and CA1–CA3). The Aβ dif-
fuse plaque distribution score, Thal phase, and A score,
ranged from A1 to A3, with a mode of A2 and the neu-
ritic plaque density or CERAD score, ranged from C1 to
C3 with a mode of C2. The intermediate AD group had
similar complications as the low AD group such as car-
diovascular disease (10 donors), renal failure (4 donors),
cancer (1 donor), and liver failure (1 donor). Ages of the
low AD donors were not significantly higher than that of
donors with intermediate AD (p > 0.05). Additionally,
the two groups were not significantly different with
respect to PMI time (p > 0.05).

3.2 | Hippocampal assessment

Any changes in cellular density in a CA region could
result from shrinkage in the strata caused by the neuropil
changes [35, 36]. Moreover, a decrease in strata volume
may be related to a difference in layer thickness [37]. To
address this possibility, the hippocampal strata were mea-
sured between the gray/white matter interface and the
alveus surface. There was no significant difference in

F I GURE 1 Global view of the hippocampus. Strategy of the quantification of Aβ, ptau, and the inflammasome components is shown in the
diagram. (A) Dotted lines represent the boundaries that were made in hippocampal regions of the dentate gyrus (DG); Cornu Ammonis Field
3 (CA3); Cornu Ammonis Field 2 (CA2); Cornu Ammonis Field 1 (CA1); and the subiculum (sub). (B) Comparison of hippocampal formation
thickness between low AD and intermediate AD. Scale = 1 mm; ns = not significant; micron = μm.
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hippocampal thickness between intermediate AD cases
and low AD (Figure 1B) when the hippocampal thickness
was measured in the CA1 (p = 0.7; Intermediate AD

1432 ± 232, n = 17; Low AD 1508 ± 203, n = 17), CA2
(p = 0.1; Intermediate AD 1598 ± 145, n = 17; Low AD
1219 ± 112, n = 17), CA3 (p = 0.4; Intermediate AD

F I GURE 2 AD neuropathological changes seen with Aβ and pTau. Aβ (A) and ptau (B) in cases with Braak 0-II and low AD neuropathological
changes (low AD). AD neuropathological changes seen in intermediate AD with Braak scores of III–VI (C: Aβ and D: pTau). (E) Distribution of
diffuse and neuritic Aβ plaques in intermediate AD cases compared with control. (F) Number of neurofibrillary tangles in hippocampal regions of the
DG, CA1, CA2, CA3, and subiculum regions and in the entorhinal cortex between intermediate AD cases compared with low AD. Alzheimer’s
disease (AD), beta-amyloid (Aβ), hyperphosphorylated (ptau), dentate gyrus (DG); Cornu Ammonis Field 3 (CA3); Cornu Ammonis Field 2 (CA2);
Cornu Ammonis Field 1 (CA1); subiculum (sub); entorhinal cortex (EC); ns = not significant; * = p < 0.05; **** = p < 0.0001; scale bar = 60 μm.
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1499 ± 256, n = 17; Low AD 1074 ± 329, n = 17)
regions, and subiculum (p > 0.97; Intermediate AD 1863
± 290, n = 17; Low AD 2127 ± 556, n = 17), indicating
that changes in cellular populations are not related to
changes in hippocampal volume.

3.3 | The number of Aβ clusters does not
differ between intermediate AD and low AD in
the hippocampus

Pathologic change that incorporates histopathologic
assessments of Aβ deposits and the staging of neurofibril-
lary tangles [38]. It is important to determine if the
amount of Aβ clusters alters between low AD and inter-
mediate AD in our ROIs. In all of the CA regions and in
the DG of the hippocampus, the number of Aβ clusters
did not present a significant change in the intermediate
AD cases compared to low AD (p > 0.05; Figure 2A,C,
E). However, there was a significant increase in Aβ
deposits found in the intermediate AD cases compared to
the low AD cases, in the subiculum (p = 0.02; Intermedi-
ate AD 54.08 ± 25.62, n = 17; low AD 22.94 ± 20.75,
n = 17) and in the entorhinal cortex (p = 0.01; Intermedi-
ate AD 71.27 ± 28.43, n = 17; low AD 23.62 ± 24.46,
n = 17). Outside of the ROIs, we investigated the neuro-
pathological scores of diffuse Aβ plaques (e.g., the Thal
score or A score) identified in the case assessments. The
intermediate AD cases had an average Thal score of
“A2” and an average CERAD (e.g., the extent of neuritic
amyloid plaques or C score) score of “C2,” whereas in
the low AD group, the average Thal score was “A1” and
the average CERAD was “C0.” The increase of Aβ pla-
ques in the subiculum and the entorhinal cortex demon-
strates that there are numerous regions that are prone to
have a significant change in protein accumulation as the
neural degeneration progresses.

3.4 | Tau positivity increased in CA1 in
intermediate AD cases

The levels of pTau are used to assign Braak staging based
on the occurrence of neurofibrillary tangles and neuritic
threads [39]. We sought to find if the number of neurons
with neurofibrillary tangles alters between intermediate
AD and low AD. A significant increase in the number of
pTau positive neurons was seen in the intermediate cases
compared to the low AD cases in the subiculum
(p = 0.0006; Intermediate AD 64 ± 48, n = 17; low AD
6.2 ± 14, n = 17) and entorhinal cortex (p < 0.0001;
Intermediate AD 55 ± 36, n = 17; low AD 7.5 ± 14,
n = 17). In the hippocampus, there was a significant
increase in pTau in the intermediate AD group in the
DG (p < 0.04; Intermediate AD 39 ± 27, n = 17; low AD
7.5 ± 2.8, n = 17), the CA2 (p < 0.002; Intermediate AD
99 ± 56, n = 17; low AD, 16 ± 8, n = 17) and the CA1

region (p < 0.0002; Intermediate AD 99.96 ± 57, n = 17;
low AD 16.33 ± 13, n = 17), but not in the CA3
(p > 0.05; Figure 2B,D,F). The increase in neurofibrillary
counts exemplifies the extent of neurodegeneration occur-
ring in specific hippocampal regions. These data also
show that certain regions of the brain (e.g., CA3) do not
alter in the number of neurofibrillary tangles, thus there
are specific areas spared at this stage of AD pathology.

3.5 | NLRP3 is mainly present in microglia-
like structures

In low stages of AD, tau proteins accumulate in the ento-
rhinal cortex, CA1, and the subiculum hippocampal
regions [40]. As AD progresses, the pathology advances
to the CA2, CA3, and DG hippocampal regions with an
increase in neurofibrillary tangles and amyloid deposi-
tions [40, 41]. Recent understanding of the pathophysio-
logical of AD suggests that the CA1/CA2 border zone is
imperative for social recognition and memory processing
[42]. While increased pTau positive neurons in the CA2
region seen in postmortem cases of intermediate AD have
been well reported [38–40], the distribution and location
of the inflammasome formation in AD cases have not
been well characterized. Hence, we focused on the
CA1/CA2 border zone to investigate the senor NLR3;
here, we found that in the low AD, NLRP3 was present
in all regions of the hippocampus with equal distribution
patterns (CA1: Figure 3A and CA2: Figure 3B). Immu-
nofluorescence labeling identified the expression of
NLRP3 in microglia and it was not observed in the neu-
ronal population (CA 2; Figure 3C). Similarly, in the
intermediate AD cases, we show whorls of NLRP-3 posi-
tive microglia in both, the CA1 (Figure 3D) and CA2
(Figure 3E) regions of the hippocampus, indicating that
NLRP3 is present in microglia (CA2; Figure 3F) in two
different regions of the hippocampus, namely CA1
and CA2.

3.6 | Perinuclear expression of NLRP1 is
present in hippocampal neurons of CA1

After identifying NLRP3 morphological changes in the
intermediate AD cases, we set to look for changes in
NLRP1 expression in the CA1/CA2 boarder zone. The
low AD cases displayed perinuclear neuronal expression
of NLRP1 in a few neurons of CA1 (Figure 4C), but not
in CA2 regions (Figure 4A,B). In contrast, in the inter-
mediate AD cases, there were more neurons with peri-
nuclear neuronal expression in the CA1 and CA2
hippocampal regions (Figure 4D,E), indicating differen-
tial expression of NLRP1 in neurons within the CA1 and
CA2 regions of the hippocampus associated with AD
pathology. In all the cases, NLRP1 was seen in the cyto-
plasm of the neurons identified with the neuronal marker,
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but this expression was not seen in the microglia cells
(Figure 4C,F).

3.7 | Differential expression of ASC in
neurons and microglia is detected using
antibodies raised against different epitopes
of ASC

Next, we assessed if brains with intermediate AD showed
changes in expression of ASC in the hippocampal and
entorhinal cortex regions. Mouse anti-ASC was seen

mainly on cells with microglial-like morphology in the
low AD group and intermediate AD brains
(Figure 5A,C). In addition, there was a significant
increase in the number of mouse anti-ASC labeled
microglia-like cells in all the ROIs investigated. The EC
(p = 0.0002; Intermediate AD 201 ± 87, n = 17; Low
AD 86 ± 53, n = 17) and the subiculum (p = 0.01; Inter-
mediate AD 214 ± 105, n = 17; Low AD 74 ± 65,
n = 17). The DG (p = 0.001; Intermediate AD 236 ± 87,
n = 17; Low AD 104 ± 53, n = 17), the CA3 (p = 0.002;
Intermediate AD 214 ± 111, n = 17; Low AD 105 ± 46,
n = 17), the CA2 (p = 0.002; Intermediate AD 301

F I GURE 3 Localization of
NLRP3 in microglia.
Immunoreactivity of NLRP3 in
the CA1 (A and D) and CA2
(B and E) hippocampal regions in
a representative section of low (A–

C) and in an intermediate AD (D–

F) case. Expression of NLRP3 is
seen mainly in the processes of the
ramified microglia of low AD (A,
Ai and B, Bi). The expression of
NLPR3 (green) is confirmed by
the confocal photomicrographs,
imaged in the CA2 hippocampal
region (C), where there is
expression in the microglia (red;
Cii) and not in the neurons (white;
Ciii). Whereas, in the intermediate
AD the expression densely stains
the processes of activated
amoeboid-like microglia (D, Di
and E, Ei). The prominent
expression of NRLP3, is
demonstrated in the CA2
hippocampal region (green, F and
Fi) in the microglia cells (red, Fii),
but absent in the neurons (Fiii).
Alzheimer’s disease (AD); NOD-
like receptor proteins (NLRP);
Cornu Ammonis Field 2 (CA2);
Cornu Ammonis Field 1 (CA1);
images A, B, D, and E; scale
bars = 60 μm; insert scale
bars = 30 μm.
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± 111, n = 17; Low AD 98 ± 46, n = 17), and the CA1
(p = 0.015; Intermediate AD 238 ± 162, n = 17; Low
AD 99 ± 66, n = 17; Figure 5E) all demonstrated that
microglial expression of ASC protein in upregulated in
AD pathology.

The expression of ASC in human neurons during the
progression of AD pathology is key to comprehending
how AD progresses [43, 44]. Thus, we sought to address
if ASC expression occurs at different rates across various
regions of the hippocampus formation and the entorhinal

cortex (Figure 5B,D). Hence, using IC100, an antibody
specific to human ASC, we detected an increase in ASC
expression mainly in neurons in the DG (p = 0.002; Inter-
mediate AD 270 ± 189, n = 17; Low AD 49 ± 35,
n = 17), the CA3 (p = 0.003; Intermediate AD 260 ± 84,
n = 17; Low AD 39 ± 31, n = 17), the CA2 (p = 0.001;
Intermediate AD 260 ± 93, n = 17; Low AD 51 ± 42,
n = 17), the CA1 (p = 0.005; Intermediate AD 219 ± 93,
n = 17; Low AD 72 ± 42, n = 17), and the subiculum
(p = 0.00; Intermediate AD 267 ± 93, n = 17; Low AD

F I GURE 4 NLRP1 expression in
hippocampal neurons. Immunoreactivity
of NLRP1 in the CA1 (A and D) and CA2
(B and E) hippocampal regions in low AD
(A–C) and in intermediate AD (D–F)
cases. Expression of NLRP1 is present in
neurons and apical dendrites in the CA1
region of low AD (A) more than in the
CA2 (B) hippocampal region. In CA1, the
cytoplasmic neuronal expression of
NLRP1 (green, C and Ci) is confirmed by
the confocal photomicrographs that show
the expression in neurons (white; Cii), but
not in microglia (yellow arrow heads; red;
Ciii). In the intermediate AD, NLRP1
immunoreactivity is seen in numerous
neurons and in parenchyma in the form of
clusters (blue arrows) of the CA1 (D) and
CA2 (E). The photomicrographs capture
the dense neuronal cytoplasmic expression
seen in CA1 of the intermediate AD cases
(F and Fi) which is not present in the
microglia (red; Fiii). Alzheimer’s disease
(AD); NOD-like receptor proteins
(NLRP); Cornu Ammonis Field 2 (CA2);
Cornu Ammonis Field 1 (CA1); images A,
B, C, and E; scale bar = 60 μm.
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86 ± 42, n = 17). Interestingly, there were no significant
differences in the number of neurons that were detected
with IC100 in the EC, the region that commonly present
in the early stages of AD pathology (p > 0.05;
Figure 5F). This could either exemplify a temporal
response or that antibodies specific to human ASC iden-
tify a response that is specific to human neurons.

3.8 | Caspase-1 expression is seen in the
parenchyma of low AD and intermediate
AD cases

The most substantial pathological changes between
intermediate AD and control cases are evident

between the CA1 and the CA2 hippocampal regions
[38]; therefore, we focused on these regions to further
investigate the expression of caspase-1. Caspase-1
expression was present in the tissue parenchyma in
areas where diffuse amyloid plaque-like formation and
pTau neurofibrillary tangles were seen in the CA1
region of both the low AD (Figure 6A–C) and inter-
mediate AD (Figure 6G–I) cases. Importantly, the
CA2 region showed more prominent caspase-1 expres-
sion, amyloid plaque formations, and pTau neurofi-
brillary tangles in the intermediate AD cases
(Figure 6J–L) compared to low AD (Figure 6D–F),
suggesting an increase in caspase-1 activity, and as a
result the inflammasome, in the hippocampus of
patients with intermediate AD.

F I GURE 5 Differential
expression of ASC in neurons and
microglia. Mouse anti-ASC (A, C, and
E) cell type binding differs from
IC100’s in the hippocampal formation
and entorhinal cortex (B, D, and F).
Region-specific significant changes in
cell counts between intermediate cases
and low AD cases (E and F). Different
morphologies of microglia are present
in the CA1-CA2 boundary between
low AD (A) and intermediate AD
cases (C). Stereological analysis of cells
stained with mouse anti-ASC was
significantly higher in intermediate AD
cases in the DG, CA2, CA1 and sub
regions, whereas IC100 stained mainly
neurons in the DG, CA3, CA2 and
CA1 hippocampal regions of
intermediate cases (D) compared with
low AD (B). Adaptor protein
apoptosis-associated speck-like protein
containing a caspase recruitment
domain (ASC); dentate gyrus (DG);
Cornu Ammonis Field 3 (CA3); Cornu
Ammonis Field 2 (CA2); Cornu
Ammonis Field 1 (CA1); subiculum
(sub); entorhinal cortex (EC). Scale
bar = 60 μm; * = p < 0.05;
** = p < 0.01; *** = p < 0.001;
ns = p > 0.05.
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4 | DISCUSSION

In this study, using a panel of human-specific inflamma-
some antibodies, we compared the expression of the

inflammasome signaling proteins NLRP1, NLPR3,
ASC, and caspase-1 in the brain of donors with cases pre-
senting intermediate AD and low AD pathology. Our
findings indicate that in early AD pathology, before cell

F I GURE 6 Caspase-1 protein expression in the CA1 and CA2 hippocampal regions. Distribution of caspase-1 adjacent to neurons and in the
tissue parenchyma in clusters that resemble amyloid deposits. The CA1 (A) region of the low AD cases shows a sparse cluster of caspase-1 in the
vicinity of an Aβ plaque (B) and a neurofibrillary tangle and neuritic threads (C). In CA2, a region less affected by low AD neuropathological
changes, there is no caspase-1 immunoreactivity defined (D) nor Aβ positive plaques (E) but there is an occasional neurofibrillary tangle present (F).
Intermediate AD cases have denser cluster expression of caspase 1 in both the CA1 (G) and CA2 (J) regions in areas where moderate densities of Aβ
plaques (H and K) and neurofibrillary tangles and threads are noted (J and L). Beta-amyloid (Aβ); hyperphosphorylated (ptau); Cornu Ammonis
Field 2 (CA2); Cornu Ammonis Field 1 (CA1); Alzheimer’s disease (AD); scale bar = 30 μm.

12 of 17 VONTELL ET AL.



and hippocampal volume loss occurs, neurons and micro-
glia exhibit increased inflammasome protein expression.
NLRP1 was primarily expressed in neurons, whereas
NLRP3 was present in microglia. In addition, caspase-1
was present in the tissue parenchyma of the hippocam-
pus. Importantly, IC100 identified increased ASC expres-
sion in neurons in the early stages of AD, whereas a
commercially available antibody directed toward a differ-
ent domain of the ASC protein (the CARD domain), pri-
marily labeled microglia. To our knowledge, this is the
first demonstration of ASC expression in distinct cell
populations during the early stages of AD and highlights
the importance of the inflammasome in the early stage of
AD pathology.

Recent evidence has accumulated that
inflammasome-induced cytokines and inflammasome sig-
naling proteins released from activated microglia interact
with AD-associated proteins and exacerbate AD patho-
logical progression and cellular damage. The expression
of NLRP3 in microglia of low and intermediate AD cases
has been previously reported [45] NLRP3 may contribute
to chronic neuroinflammation via the production of IL-
1β, resulting in reduced clearance of Aβ plaques [7, 46–
48]. In the intermediate AD cases, NLRP3 expression
was seen in microglia adjacent to neurons or was present
in a clustered formation. It is possible that the cluster dis-
tribution of NLRP3 configuration may be mediated by
TANK-binding kinase 1 (TBK1) that interacts with tau
proteins [49]. Moreover, we demonstrated that NLRP1 is
expressed in the cytoplasm of hippocampal neurons, and
is upregulated in cases with intermediate AD. This obser-
vation is consistent with our previous studies that show
NLRP1 is present in motor neurons in the ventral horn
of the human spinal cord and is upregulated after spinal
cord injury [8], traumatic brain injury [18], stroke [50],
and the aging brain [23, 51]. In addition, Saresella et al.
[48], Yap et al. [44], and Kaushal et al. [52] reported that
NLRP1 is primarily expressed by pyramidal neurons of
the hippocampus and is activated by aggregated Aβ. A
recent study found that NLRP1 knockout in mouse
models of AD resulted in reduced Aβ plaque load, nor-
malized hippocampal dendritic spines, and resulted in
improved spatial and episodic memory testing perfor-
mance [53]. Taken together, our findings indicate that the
NLRP1 inflammasome plays a role in the neurodegener-
ative process in neurons, in addition to NLRP3 inflam-
masome upregulation in microglia. However, it is unclear
whether other inflammasomes harbored in various CNS
cell types also contribute to the heightened inflammatory
response in AD and whether tau, Aβ or ASC specks
released from inflammasome-activated cells trigger cell
death processes such as pyroptosis, which may contribute
to the demise of hippocampal cells in early stages of AD.

The ages of the cohort examined in this study were
similar in the intermediate AD and low AD groups, but
cognitive impairment was higher in the intermediate AD
group. We cannot exclude the possibility that AD would

have progressed in some low AD cases if donors had
lived longer. Nevertheless, our data suggest that changes
in the inflammasome protein expression in neurons and
microglia accompany the neurodegeneration of AD in
the central nervous system of aging individuals.

The hippocampal formation cortical band did not dif-
fer in thickness between low AD and intermediate AD,
indicating that neuronal death and atrophy were not evi-
dent in these cases. Two other studies examined hippo-
campal thickness and neuronal numbers in AD cases
staged at different Braak stages V–VI [41, 42] and
reported hippocampal neuronal loss at Braak stages V–
VI, thus supporting our findings. In that study, the
authors evaluated neuropathological changes between
the low AD and the intermediate groups in all of the hip-
pocampal CA regions [9, 38] and found that the number
of Aβ plaques clusters did not significantly differ between
the low and intermediate groups. However, here we
found that the morphology of the plaques in the interme-
diate group was more dense, which resembled neuritic
plaques, rather than diffuse plaques as those seen in low
AD cases. In contrast, in the intermediate group, we saw
a significant increase in the number of neurons labeled
with pTau in the subiculum, CA1, CA2, and DG regions,
consistent with previous studies on tau pathology in post-
mortem AD cases [37, 38, 54, 55].

Protein aggregation has been connected to more than
30 proteinopathies, including many neurodegenerative
diseases such as AD in which both Aβ and tau aggregates
are present [56, 57]. Recent evidence indicates that het-
erotypic interactions of aggregated proteins occur in a
wide range of amyloid processes and that these interac-
tions modify fundamental aspects of amyloid aggregation
including seeding, aggregation rates, and toxicity [58]. In
this study, we examined the expression of three protein
aggregates, ASC, Aβ, and p-tau. The expression of all
three aggregated proteins was higher in intermediate AD
compared to low AD, indicating increased deposition
associated with disease progression. In AD pathology, it
has been shown that ASC specks cross-seed with Aβ1–42,
in the extracellular space, which boosts Aβ1–42 toxicity in
microglia [11, 59], suggesting that disease-related protein
aggregation may modulate the morphology or aggrega-
tion rate of amyloidogenic proteins [58]. In support of
this idea is the observation that excessive inflammasome
stimulation in microglia and neurons induces the oligo-
merization of ASC to form the inflammasome complex,
and that this response is exacerbated by tauopathies [16].
Our result that ASC specks are present in the brain of
AD patients suggests that immunotherapies that target
protein aggregates may be promising targets for the treat-
ment of neurodegenerative diseases.

The inflammasome adaptor ASC has different iso-
forms in addition to the canonical ASC. These other iso-
forms are referred to as ASCb, ASCc, and ASCd, and
they differ in amino acid composition [60]. ASC and
ASCb are very similar, and both contain PYD and
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CARD domains. However, they differ in the length of
the interdomain linker. ASCc contains a CARD domain
and a fragment of the PYD, whereas ASCd has a partial
PYD and no CARD domain. Full-length ASC and
ASCb colocalize with the sensor NLRP-3 and
procaspase-1 [60] and activate the inflammasome [61].
However, ASCb does not form typical ASC specks but
rather forms filamentous aggregates of ASC resulting in
lower levels of inflammasome activation as determined
by IL-1β release [60]. ASC oligomerizes faster and is
capable of assembling into oligomers of more uniform
size, compared with ASCb [62]. In contrast, ASCc only
colocalizes with caspase-1, and it may inhibit the inflam-
masome in that it diminishes the release of IL-1β in the
presence of ASC. ASCd, whose function is yet to be
determined, does not colocalize with NLRP3 and cannot
generate mature IL-1β [60]. It is possible that distinct
combinations of ASC splice variants may be expressed in
cells that potentially affect inflammasome activity at dif-
ferent stages of the inflammatory response [60]. Our
results show that antibodies raised against two different
epitopes of ASC (CARD vs. PYD) differentially identify
neurons and microglia in the early stages of AD, thus
suggesting that ASC may either be present in different
conformation states within the different population of
CNS cells or that there are different ratios of distinct
ASC isoforms expressed in microglia and neurons that
are differentially recognized by the two antibodies. More-
over, the expression of ASC in the early stages of AD
pathology is consistent with our previous work showing
that ASC is elevated in the blood of patients with mild
cognitive impairment and that ASC is a reliable bio-
marker of AD [63]. Accordingly, ASC and IL-18 were
both significantly elevated in the serum of MCI patients
when compared to controls, whereas ASC protein levels
were also higher in the serum of MCI patients when com-
pared to AD patients [63]. Furthermore, future studies
are needed to understand the expression of different
ratios of activating and inhibitory isoforms of ASC in
cells and how they might promote inflammation at the
early stages of infections and tissue damage.

Previous studies have reported inflammasome signal-
ing proteins in neurons and microglia in brain of donors
with AD [46–48, 64], while others studies show that pro-
gressive inflammatory signals occur in activated astro-
cytes [65, 66]. In our investigations, we show that in AD,
the progression of phosphorylated tau is in concert with
an increase of NLRP3 in microglial and NLRP1 in neu-
rons. In addition, we show that caspase-1 is present in
regions where parenchymal beta-amyloid plaques are
present. Previous studies have shown that NLRP3
inflammasome activation is prevalent in AD mouse
models and in human postmortem brains [7, 16, 46, 47]
and suggest that inhibition of this sensor protein may be
a therapeutic target for AD. However, NLRP1 may be
upregulated in neurons [44, 52] as neuronal degeneration
progresses in AD. It is not known if inhibition of one

sensor, such as NLRP3 or NLRP1, could prevent the
oligomerization of ASC. In addition, the inhibition of
caspase-1 has been shown to inhibit cognitive decline in
mouse models of AD by reducing the production of
active caspase-6 [67].

In this study, we expand that knowledge by compar-
ing the cell-specific staining characteristics of two ASC
antibodies, one against the CARD of ASC and the other,
IC100, against the PYD, and a panel of commercially
available antibodies to identify Ab, pTau, and the inflam-
masome proteins NLRP1, NLRP3 and caspase-1. Com-
pared to a commercially available mouse ASC antibody,
IC100 identified neurons in the early stages of neurode-
generation in intermediate stages of AD. IC100 expres-
sion patterns were consistent with Aβ and pTau staining
in postmortem AD brains, emphasizing a spatial and
temporal relationship of this sensor molecule in the path-
ogenesis of AD neuropathology. The reported differential
patterns of IC100 neuronal immunostaining in human
AD specimens without evidence for cell loss may empha-
size the importance of targeting this unique ASC configu-
rational state for future molecular imaging and
therapeutic approaches to reduce neuronal vulnerability
and the subsequent release of ASC specks leading to con-
tinued disease progression.

Several surrogate markers are under development to
assess initial signs of disease emergence, including molec-
ular neuroimaging, blood or CSF biomarkers, and sensi-
tive indicators of cognitive disturbances [68–70]. In
addition, numerous studies and potential therapeutic
interventions are currently being investigated to prevent,
reduce, or reverse the effects of AD pathology. The
inflammasome pathway offers attractive therapeutic tar-
gets for the reduction of damaging inflammatory second-
ary injury cascades. IC100 is a humanized monoclonal
antibody against the adaptor protein ASC [71] that has
therapeutic benefits in treating several experimental
models for neurodegeneration [22], injury [72, 73], and
aging [23]. In this study, IC100 immunoreactivity demon-
strated cell-specific labeling patterns based on regional
specificity and AD pathological severity in contrast to
the commercially available mouse anti-ASC antibody
that was primarily immunoreactive for cells with
microglial-like morphology.

5 | FINAL SUMMATION

In conclusion, our findings in the brain of donors with
low and intermediate AD pathology indicate that the
NLRP1 inflammasome is mainly present in neurons,
whereas the NLRP3 inflammasome is mainly present in
microglia. Moreover, ASC is present in neurons and
microglia. However, the antibody against the CARD of
ASC mainly detected ASC in microglia; whereas IC100,
which recognizes the PYD of ASC mainly detected neu-
rons. Thus, our data suggest that IC100 identifies
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neurons in the early stages of neurodegeneration in inter-
mediate stages of AD and that ASC expression is consis-
tent with the levels of Aβ and pTau in postmortem AD
brains.
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