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INTRODUCTION: Neurogranin (Ng) is considered a biomarker for synaptic dysfunc-

shown to exacerbate AD pathology.

METHODS: We investigated the protein expression, morphological differences of
Funding information

Ng, and correlated Ng to hyperphosphorylated tau in the post mortem brains of 17

AD cases and 17 age- and sex-matched controls. In addition, we correlated the Ng
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expression with two different epitopes of apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC).

RESULTS: We show a reduction of Ng immunopositive neurons and morphological
differences in AD compared to controls. Ng immunostaining was negatively corre-
lated with neurofibrillary tangles, humanized anti-ASC (IC100) positive neurons and
anti-ASC positive microglia, in AD.

DISCUSSION: The finding of a negative correlation between Ng and ASC speck protein
expression in post mortem brains of AD suggests that the activation of inflamma-

some/ASC speck pathway may play an important role in synaptic degeneration in

AD.

KEYWORDS
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AD pathology.

1 | INTRODUCTION

Neuropathological changes in Alzheimer’s disease (AD) include the
accumulation of dysfunctional proteins in the form of extracellular
amyloid beta (Ap), intracellular neurofibrillary tangles (NFTs) with
hyperphosphorylated tau (p-tau), and synaptic loss.2~3

Anatomically, in the hippocampus, the cornu ammonis (CA) 1 region
of the hippocampus is affected by NFTs early in the disease. As the
neurodegeneration progresses, pathological changes are more preva-
lent in the CA2, CA3, and dentate gyrus (DG) regions, then spread
to the cerebral cortex.* Along with the progression of NFTs in the
neurons, dendritic spines density and synaptic connections are dra-
matically reduced.>® As the synaptic proteins spill out of the damaged
neurons in the early stages of AD, some synaptic proteins such as neu-
rogranin (Ng) have been found to accumulate in the cerebrospinal fluid
(CSF).

Ng is a post-synaptic protein involved in long-term potentiation
and synaptic plasticity, which plays an important role in learning and
memory.8 Recently, clinical studies have shown that the level of Ng in
the CSF is elevated and associated with longitudinal cognitive decline

hippocampal regions.

hippocampal neurons.

Alzheimer’s disease, axon, inflammasome, microglia, neurogranin

* We show the role that neurogranin plays on post-synaptic signaling in specific

* We demonstrate that there could be clinical implications of using neurogranin as a
biomarker for dementia.

* Wedescribe the loss of plasticity and neuronal scaffolding proteins in the present of
* We show the response of neuroinflammation when tau proteins phosphorylate in
* We show that there is a potential therapeutic target for the inflammasome, and

future studies may show that IC100, a humanized monoclonal antibody directed

against ASC, may slow the progression of neurodegeneration.

in patients with mild cognitive impairment (MCI) and AD.?1% More-
over, it has been reported that peptide-to-total full-length Ng ratios
in brain tissue are increased in AD, indicating synaptic damage by loss
of intact Ng.2* At the genetic level, Ng encoding NRGN gene expres-
sion is associated with AS and tau pathology.'>1¢ Taken together, it is
suggested that Ng plays an important role in the pathophysiological
process of AD.

The microtubule-associated proteins (MAPs) of type Il (MAP2) sta-
bilize the dendrites and the axons of neurons. Studies show that p-tau
is mislocated to dendritic spines leading to microtubule destabilization
and synaptic dysfunction.2’-20 |n addition, synaptic loss is reported to
be associated with microglia-mediated neuroinflammation in AD.2%:22

Recently, we have reported that in intermediate AD there are
increases in inflammasome proteins compared to age-matched
controls.2® The inflammasome is an inflammatory complex comprised
of caspase-1, apoptosis-associated speck-like protein containing a
caspase activation and recruitment domain (ASC), and sensor proteins,
either NOD-like receptorl (NLRP1) present in neurons or NLRP3
primarily expressed in microglia.2® The studies show that inflamma-

some/ASC speck protein-mediated aggregation of tau.2* Recently, it
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has been shown that inflammasome activation via NLRP3 sensor in
microglia leads to synaptic loss and impairment of excitatory neurons
using in vitro cell culture studies of sepsis,2 but the role of the inflam-
masome pathway in synaptic loss seen in AD has not been well studied.
A study focused on the relationship between synaptic proteins and
inflammasome/ASC expression will provide significant insight into the
mechanism underlying synaptic degeneration in AD.

Clinically, cases with mild to moderate cognitive impairment cor-
relate with intermediate AD post mortem neuropathological changes.
Intermediate neuropathological changes are not normally associated
with high levels of neuronal loss and gliosis but have AB plaques
and tauopathy seen in the CA1-CA3 hippocampal regions;! there-
fore, intermediate post mortem AD pathology offers an ideal disease
state to study the protein distribution of Ng in pyramidal cells of the
hippocampus and ASC expression.

In this study, we performed an immunohistochemical analysis of Ng,
MAP2, tau, AB, and ASC in the hippocampus of AD brains with inter-
mediate AD pathology and age-matched controls. We then compared
the region-specific hippocampal immunostaining of Ng between the
AD and control brains. Next, we examined the relationship between
immunostaining of Ng and tau and AJ pathology in the hippocampus.
Finally, we correlated the quantitative Ng assessment with immunos-
taining using mouse anti-ASC directed against the caspase activa-
tion and recruitment domain (CARD) which has been shown to be
expressed in microglia, and 1C100, a humanized monoclonal antibody
directed against the PYRIN domain (PYD) of ASC which is expressed in
neurons.2%

Here we find morphological differences in Ng expression in the hip-
pocampus from post mortem brains with AD and control. In addition,
we show that Ng negatively correlated with p-tau (Ser203/Thr205;
AT-8) and two different epitopes ASC in AD brains.

2 | METHODS

2.1 | Post mortem human brains

Research study ethics was obtained from the Human Subjects
Research Office, University of Miami, Miami, Florida (Institutional
Review Board ethics number, 19920348 [CR00012340]).

2.1.1 | Tissue preparation

Case details, tissue preparation, the regions of interest (ROls), and neu-
ropathological analyses have already been described in Vontell et al.2

and are summarized in Data S1 in supporting information.

2.2 | Immunohistochemistry

Standard immunohistochemistry procedures have been described pre-
viously in Vontell et al.2® and Gober et al.2” and are summarized in
Data S1.

Clinical Interventions

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using traditional (e.g., PubMed) sources, meeting
abstracts, and presentations. While the pathophysiol-
ogy of neurodegeneration has been well documented
other aspects of Alzheimer’s disease (AD) neuropathol-
ogy need to be investigated. There have been several
recent publications describing the clinical implications of
using neurogranin as a biomarker for dementia. These
relevant citations are appropriately cited.

2. Interpretation: Our findings led to an integrated hypoth-
esis describing the loss of plasticity and neuronal scaffold-
ing proteins in the presence of AD pathology.

3. Future directions: The article proposes a framework for
the generation of new hypotheses and the conduct of
additional studies. Examples include further understand-
ing: (1) the role that neurogranin plays on post-synaptic
signaling, (2) the role of that neuroinflammation has
on the brain when tau proteins phosphorylate, and (3)
the potential that 1C100, humanized monoclonal anti-
body raised against ASC, may slow the progression of

neurodegeneration.

2.3 | Immunofluorescence labeling

To identify the cellular location of the Ng protein in our tis-
sue immunofluorescence (IF) double labeling was performed using
immunofluorescence protocols described in Vontell et al.2% and in Data
S1.

2.4 | NFTs, neuritic plaques, Ng, MAP2, and
synaptophysin assessments

In this study, scoring analysis of the Ng, MAP2, Tau (AT-8 and GT-38),
and synaptophysin and the ROls were determined by the cellular archi-
tecture as described in Vontell et al.2® and Mai et al.28 and in Data
S1.

2.5 | Data analysis

The Student t test was used to compare the variables between two
groups (AD and control) in all experiments. . Two-tailed Pearson’s anal-
ysis was used to test the correlation of Ng loss and NFT numbers
(AT-8 and GT-38), ASC accumulation, and synaptophysin as described
in Vontell et al.23 for each of the ROIs. All statistical analyses and gen-
eration of plots were performed using GraphPad Prism 9.0 (GraphPad

Software). Data were presented as mean+ SD for the t test and the
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TABLE 1 MAP2immunopositive neurons.

Region Control Intermediate AD Pvalue Significance
Entorhinal cortex 299+81 161+ 84 0.013 *

Subiculum 253+ 57 199 + 28 0.3 ns

CA1 196 + 20 123+ 19 0.02 *

CA2 260 +32 146 + 21 0.009 -

CA3 278 +32 140+ 20 0.005 o

Dentate gyrus 238 +23 219 + 63 0.41 ns

Ng immunopositive neurons

Region Control Intermediate AD P value Significance
Entorhinal cortex 225+20 149 + 22 0.016 *

Subiculum 269+ 63 207 + 54 0.08 *

CA1 149 + 36 112+ 42 0.02 *

CA2 223 + 60 104 + 45 <0.0001 o

CA3 296 +17 104 +12 <0.0001 e

Dentate gyrus 233+49 218 + 61 0.43 ns

Note. t test for each ROI, mean =+ SD, P value, and significance. Counts are expressed as MAP2- or Ng-positive neurons in 1 mm? area in AD cases and in

controls.

Abbreviations: AD, Alzheimer’s disease; CA, cornu ammonis; MAP2, microtubule-associated proteins type Il; Ng, neurogranin; ns, not significant; ROI, region

of interest; SD, standard deviation.
*P < 0.05.

**P<0.01.

P <0.001.

correlation coefficient Pearson’s analyses; significance was assumed
at P <0.05.

3 | RESULTS

3.1 | Donors and AD pathology

Experiments in this study were designed to determine the density and
distribution of the post-synaptic marker Ng in relation to the expres-
sion of MAP2, AB, synaptophysin, tau, and ASC in post mortem human
brains with and without intermediate AD neuropathological changes.

3.2 | MAP2-positive neurons decrease in the CA
regions of the hippocampus in AD brains

NFTs accumulate in the entorhinal cortex, the subiculum, and in
CA1 of the hippocampal region,? in the control cases, demonstrat-
ing age-related neuropathological changes. Although the rate of p-
tau accumulation and the degree of destabilization of MAP2 occur
independently,2? it is thought that as NFTs increase, MAP2 destabi-
lizes, the neurons lose plasticity, and neuronal atrophy will follow.!®
Here we assessed the change in the number of MAP2-positive neu-
rons in the hippocampus and entorhinal cortex. There was a significant
decrease in the number of MAP2-positive neurons seen in the interme-
diate AD cases compared to controls in the entorhinal cortex, and in the

CA hippocampal sectors. However, there was no significant change in

the subiculum or the DG between intermediate AD cases and controls
(Table 1).

3.3 | Ng neuronal counts differ between
intermediate AD and controls

Pathologically dysregulated MAP2 could lead to a reduction in neu-
ronal outgrowth, synaptic plasticity, and dendritic structure,® but how
MAP2 relates to the distribution and location of Ng and other neuronal
supporting proteins has not been well characterized in the hippocam-
pal formation in AD cases. We investigated each of the ROIs for Ng
distribution patterns and compared the morphology to that of MAP2
immunostaining. There was no significant change in the number of Ng
positive neurons in the intermediate AD cases in the DG. In regions
where NFTs increase in the hippocampus in intermediate staging of AD
pathology, there was a significant decrease in Ng in the intermediate

AD group. (Data are summarized in Table 1.)

3.4 | MAP2 and Ng cell morphology differ between
intermediate AD and controls

In the control cases, extracellular neurofibrillary threads are seen in
the CA2 hippocampal region (Figure 1A). In addition, the anti-MAP2
and anti-Ng stains identified the neurons and the prominent apical den-
drites in the CA2 hippocampal region (Figure 1B and C). However, in

intermediate AD cases, the neurons in the CA2 hippocampal region
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Examples of immunoreactivity of mouse-anti-tau (AT-8), mouse-anti-microtubule-associated protein 2 (MAP2), and

mouse-anti-neurogranin (Ng) in normal control and in a case with intermediate Alzheimer’s disease (AD) in a section from the hippocampal region
cornu ammonis (CA2). The control (A) shows sparse apical primary dendritic staining of tau in the pyramidal neurons; in the AD case there are
moderate (E) amounts of staining spreading into the apical dendrite. The MAP2 staining was seen in both groups, but the processes are well
defined in the control (B) compared to cases of intermediate AD (F). Ng protein expression differs between the groups in pyramidal neurons, as this
appears denser and more concentrated around the nucleus of pyramidal neurons in the intermediate AD cases (G), whereas in the control cases
the staining throughout the apical dendritic processes (C). No significant Pearson’s correlation, in the controls, was seen between the number of
Ng2 positive neurons and the number of neurofibrillary tangles (NFTs) defined with phosphorylated tau (pTau; D), whereas a significant negative
correlation between Ng and NFTs was seen in the intermediate AD cases (H). Scale bars = 10 um (A, B, C, E, F, G)

showed more prominent NFTs and neurofibrillary threads (Figure 1E).
Moreover, the MAP2 and the Ng expression that we identified were
more concentrated adjacent to the cell body while the neuronal apical
dendrite was not detected (Figure 1F and G).

In the CA3 hippocampal region of control brains, there are a few
neurofibrillary threads and NFTs (Figure 2A) and multiple dendritic
processes highlighted with MAP2 immunostaining in the control cases
(Figure 2B). Anti-Ng stained the neuronal cell bodies and there was a
dense extracellular expression seen within extracellular matrix the of
the CAS3 region in the control cases (Figure 2C).

In the CA3 hippocampal region of the intermediate AD cases, NFTs
were more numerous (Figure 2D). Similarly, there was a reduction in
the MAP2-positive neuronal population in the CA3 region of the inter-
mediate AD cases (Figure 2E). The anti-Ng staining demonstrated a loss

of extracellular expression in the CA3 region in the intermediate AD
cases (Figure 2F).

The Ng-positive neurons in the intermediate AD cases appeared
more circular and lacked linear dendritic processes. To quantify this
morphological change, we used a measure of circularity to decipher
the changes in morphology seen between intermediate AD and
control cases. In the regions where neurodegeneration begins to
occur with age, such as the entorhinal cortex, the subiculum, and the
CA1 hippocampal region there was no change between controls and
intermediate AD in the circularity measures using the Ng expression
(P > 0.05). However, as illustrated in Figure 1, the apical dendrite was
not as prominent in the CA2 hippocampal region in the intermediate
AD cases. Moreover, the circularity analysis showed a significant
increase in Ng-positive neurons to display a more circular morphology
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FIGURE 2 Photomicrographs of the immunostaining seen in the cornu ammonis (CA3) hippocampal region. Mouse-anti-phosphorylated tau
(pTau; AT-8), mouse-anti-microtubule-associated protein 2 (MAP2), and mouse-anti-neurogranin (Ng) is identified in controls and intermediate
Alzheimer’s disease (AD). In (A), control cases, there is a sparse density staining of the neurofibrillary tangles (NFTs) in the pyramidal neurons, in
the intermediate AD case (D) there is a frequent amount of staining that spreads the dendritic processes. The MAP2 staining was seen in both the
control (B) and intermediate AD cases (E). Extracellular and intracellular Ng2 expression is seen the controls (C), but in the intermediate AD group,
the expression is seen in the pyramidal neuronal bodies (F). Pearson’s correlation analysis did not reveal any significant relationship between the
number of Ng2-positive neurons and the number of NFTs defined with pTau in the control group (G), whereas there was a significant negative
correlation between Ng and NFTs in the intermediate AD cases (H). Scale bars = 30 um (A, B, C, E, F, G)

TABLE 2 Ngcircularity measure.

Region Control Intermediate AD Pvalue Significance
Entorhinal cortex 0.47 +0.03 0.53+0.02 0.07 ns
Subiculum 0.49 +0.03 0.52 +0.02 0.88 ns

CA1 0.67 +0.05 0.64+0.03 0.6 ns

CA2 0.37 +£0.03 0.67 +0.04 0.0007 o

CA3 0.40 +0.05 0.54 +0.02 0.013 *

Dentate gyrus 0.77 £0.04 0.75+0.05 0.95 ns

Note. t test for each ROI, mean + SD, P value, and significance.

Abbreviations: AD, Alzheimer’s disease; CA, cornu ammonis; Ng, neurogranin; ns, not significant; ROI, region of interest; SD, standard deviation.
*P < 0.05.

P <0.001.
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FIGURE 3 Pearson’s correlation analysis of Ng and NFTs (AT-8) in the CA1 hippocampal region and surrounding structures. The correlation
analysis did not reveal any significant relationship between the number of Ng-positive neurons and the number of NFTs defined with pTau in the
control group in the entorhinal cortex (A), the subiculum (C), the CA1 (E), and the dentate gyrus (G). The intermediate AD cases showed a
significant negative correlation between Ng and NFTs in the entorhinal cortex (B) and the CA1 hippocampal region (F), and in the subiculum (D) but
not in the dentate gyrus (H). AD, Alzheimer’s disease; CA, cornu ammonis; NFTs, neurofibrillary tangles; Ng, neurogranin; pTau,

hyperphosphorylated tau
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TABLE 3 Correlation: Ng+ cell counts and p-tau (AT-8) NFTs.

Control

Region r Pvalue Significance
Entorhinal cortex -0.5 0.14 ns
Subiculum -0.64 0.06 ns
CA1l -0.15 0.15 ns
CA2 -0.32 0.24 ns
CA3 -0.34 0.18 ns
Dentate gyrus 0.07 0.81 ns
Intermediate AD

Entorhinal cortex -0.63 0.05 *
Subiculum 0.16 0.25 ns
CA1 -0.56 0.03 *
CA2 -0.43 0.015 *
CA3 -0.77 <0.0001 o
Dentate gyrus -0.59 0.046 *

Note. Pearson’s correlation coefficient for each ROI, the r statistic, P value,
and significance.

Abbreviations: CA, cornu ammonis; NFTs, neurofibrillary tangles; Ng, neu-
rogranin; ns, not significant; p-tau, phosphorylated tau; ROI region of
interest.

*P < 0.05.

P <0.001.

(P < 0.001) in the intermediate AD cases. In the CA3 hippocampal
region of the intermediate AD cases, there is a loss of dendritic
processes as seen with the MAP2 immunostaining, and a significant
change in the neurons to have a perinuclear concentrated expression
of Ng (P < 0.05; Table 2).

3.5 | Presynaptic vesicle loss is seen in specific
hippocampal regions

The presynaptic vesicle protein, synaptophysin, showed a significant
reduction in the subiculum, CA3, and DG, but not in the CA1, CA2,
or entorhinal cortex in the intermediate AD cases. Of interest, there
was no correlation seen between synaptophysin reduction and Ng
expression (see Data S2 in supporting information).

3.6 | Ng (+) cell count negatively correlates with
p-tau (AT-8) NFT counts

Because there was a significant decrease in MAP2, synaptophysin,
and Ng proteins that are important to neuronal stability and plasticity,
we determined the relationship between the number of NFTs (AT-8)
described in Vontell et al.2® and the expression of these proteins.
To establish whether NFTs correlates with Ng loss, we carried out a
correlation analysis of Ng neuronal counts and NFTs across several
hippocampal regions in brains with intermediate AD and controls.

Interestingly, in the intermediate AD groups, our results indicated

a significant negative correlation between the increase of NFTs and
the number of Ng cells in the entorhinal cortex (r = —0.63; P = 0.05;
Figure 3B), the CA1 (r = —0.56; P = 0.03; Figure 3F), the CA2 (r =
—0.43; P = 0.015; Figure 1H) and the CA3 (r = —0.77; P < 0.0001;
Figure 2H), the dentate gyrus (r = —0.59; P = 0.046; Figure 3H), but
not in the subiculum (r = 0.16; P = 0.25; Figure 3D).

Inthe control group, there was no correlation observed between the
Ng-positive cells and the number of NFTs identified in the entorhinal
cortex (r = —0.5; P = 0.14; Figure 3A), the subiculum (r = —0.64; P =
0.06; Figure 3C) and in the CA1 hippocampal region (r = —0.15; P =
0.15; Figure 3E), in the CA2 (r = —0.32; P = 0.24; Figure 1D), the CA3
(r = —0.34; P = 0.18; Figure 2G), and in the DG (r = 0.07; P = 0.81;
Figure 3G). Together, the results of this correlation analysis demon-
strated that as p-tau NFT density increases the Ng cell counts decrease

in specific regions of the brain (see Table 3).

3.7 | Conformation-selective tau immunostaining is
increased in cases of intermediate AD

Antibodies that detect p-tau (i.e., AT-8 or PHF1) are standard for neu-
ropathological analysis. GT-38 detects pathological aggregates which
will include neurons showing insoluble paired helical filaments.3%:31
Our results show that GT-38 NFTs increased in the intermediate AD
cases in all the ROls. Interestingly, there was no significant correlation
found between Ng loss and GT-38-positive NFTs in any of the ROIls in
the intermediate AD group or in the controls.

Our data support what others have described, as more strands of
tau aggregates are seen in the neuropil of neurons when stained with
standard p-tau antibodies, than neurons showing double helical con-
formation changes using anti-GT-38 in stages of Braak O to 11152 Data

are summarized in Data S3 in supporting information.

38 |
clusters

Neurogranin loss does not correlate with Ag

We carried out a correlation analysis of Ng (+) cell counts and the
number of AB clusters described in Vontell et al.2® across hippocam-
pal regions in brains with intermediate AD and controls. Interestingly,
our results indicated no significant correlation between the number of
Ng+ neurons and Ag clusters in any of the ROls in both the intermedi-
ate AD cases and in the control group. Data summarized in Data S4 in

supporting information.

3.9 | Neurogranin loss correlates with increases in
human IC100 antibody detection in the CA1 and CA2
hippocampal regions

The correlation between tau positivity and Ng loss demonstrated that
there are key synaptic changes that occur as AD advances from low AD
to intermediate AD pathology. Next, we correlated the neuronal posi-
tive ASC (IC100) counts to the density changes of Ng. In the controls,
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there was no significant correlation seen between the number of Ng-
positive cells and the number of IC100 labeled neurons in all three of
the hippocampal CA regions (CA1,r=-0.25;P=0.17, Figure 4A and C;
CA2;r=-0.03; P=0.9, Figure 4E; CA3r=—-0.03; P =0.90, Data S5 in
supporting information). However, in the intermediate AD group, there
was a negative correlation found in the CA1 (r = —0.60; P = 0.004;
Figure 4B and D), the CA2 (r = —0.5; P = 0.02; Figure 4F), but not the

CA3 hippocampal region (r = —0.03; P = 0.28; Data S5; summarized in
Table 4).

Next, we correlate the Ng counts with the number of ASC-positive
microglia to investigate if ASC in microglia increases with loss of synap-
tic proteins. The controls showed no significant correlation between
the number of Ng-positive cells and the number of ASC-labeled
microglia in the CA1 region (r = —0.54; P = 0.11, Figure 5A and C),
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TABLE 4 Correlation: Ng+ cell counts and 1C100.

Control

Region r P value Significance
CAl -0.25 0.17 ns

CA2 -0.03 0.9 ns

CA3 -0.03 0.9 ns
Intermediate AD

CA1 -0.6 0.004 o

CA2 -0.59 0.02 *

CA3 -0.3 0.28 ns

Note. Pearson’s correlation coefficient for each ROI, the r statistic, P value.
and significance.

Abbreviations: AD, Alzheimer’s disease; CA, cornu ammonis; Ng, neuro-
granin; ns, not significant; ROI, region of interest.

*P<0.05.

**P<0.01.

and the CA2 region (r = —0.05; P = 0.88, Figure 5E) and in the CA3
hippocampal region (r = —0.60; P = 0.071, Data S5). In the cases of
intermediate AD, there was a negative correlation in the CA1 (r =
—0.14; P = 0.03; Figure 5B and D), in the CA2 (r = —0.69; P = 0.008;
Figure 5F), and in the CA3 hippocampal region (r = —0.6; P = 0.038;
Table 5 and Data S5).

4 | DISCUSSION

In this study, we have identified the morphological expression of MAP2
and Ng in neurons of the hippocampus in cases of intermediate AD
and in controls. This study contributes unique data that show that the
expression of the post-synaptic marker Ng can be seen in the different
subfields of the hippocampal region in post mortem cases of AD. In addi-
tion, we show that Ng expression was altered in AD cases compared to
controls. The effect that post-synaptic connections are lost with NFT
accumulation, is important to fully comprehend the pathophysiological
changes that occur in AD.

Our results demonstrate that during the intermediate stage of AD,
the number of MAP2-positive neurons decreases, except in the subicu-
lum and DG. In addition to a decrease in the MAP2 positivity, the
apical dendrite was not as defined in the CA2. However, in the CA3
hippocampal region, a region that has fewer NFTs, the MAP2 popula-
tionsignificantly decreased, yet- the axonal and the dendritic processes
were well defined, which suggests that MAP2 may compensate for or
expand the neuronal processes during the intermediate stage of AD
pathology.

Along with the changes in the microtubule protein MAP2, the
post-synaptic protein Ng significantly decreased in the CA hippocam-
pal regions and in entorhinal cortex and subiculum, but not in the
DG. Recently, Saunders et al. demonstrated reductions in Ng, in the
hippocampus, and frontal, temporal, and visual cortices; also they
demonstrated increases in CSF Ng33 in AD cases. Here, we demon-

strate that thereis a region-specific reductionin Ngin the hippocampus

subfields, which supports the concept that synaptic loss in the hip-
pocampus is a part of the neurodegenerative process, leading to clinical
presentation of memory and learning deficits in AD.

Besides determining counts, we sought to investigate the histologi-
cal characteristics of Ng seen in the hippocampal region. Similar to the
MAP2, we found that Ngin the CA2 region was not present in the apical
dendrite. Using a test of circularity, we found that the neurons with Ng
expression in the CA2 and CA3 regions of AD cases had increased cir-
cularity compared to the controls. This finding indicates that the loss of
synaptic structure underlies the impaired synaptic function and loss of
plasticity, which accounts for the cognitive impairment associated with
intermediate AD pathology via the loss of neuronal structure.3*

Tau is expressed in six isoforms and has two N-terminal domains and
four microtubule-binding repeat domains composed of (3R or 4R). In
AD pathology, tau phosphorylates and forms insoluble paired helical
filaments that contain both 3R and 4R tau.3? Aggregation of p-tau is
noted in NFTs and can be detected using antibodies raised against AT8
and PHF 1. In age-related changes, NFTs stained with AT-8 or PHF 1 are
sparsely detected in the hippocampus of the donors who had little or
no cognitive deficits.32 In more progressive dementias (e.g., AD [Braak
111-VI1]) tauopathies are more widespread in the brain and NFTs take on
different morphologies.

Theincreasesin NFTs seenin the CA2 and CA3 hippocampal regions
of the AD cases define the intermediate staging of AD pathology. The
negative correlation between Ng and NFTs using the AT-8 antibody
was only significant in the intermediate AD cases. Our study supports
that loss of Ng correlates with AD progression and supports the use
of Ng as a biomarker of AD progression and possibly cognitive decline
seen in patients with AD.

We found a significant increase in the number of neurons show-
ing conformational NFTs using anti-GT-38 antibody, in the AD cases.
Although the number of NFTs that were detected with anti-GT-38
did not correlate with the loss of Ng expression, it may indicate that
the morphological changes of the GT-38-positive neurons represent
a more toxic or degenerative state in the intermediate AD cases.?”
Gibbons et al. describe similar NFT staining using GT-38 and p-tau anti-
body PHF1, but neuropil accumulation was not seen with GT-38.32
Future studies that compare the somatodendrite densities of GT-38
NFTs and other isoforms of tau may indicate the pathological state
of tau and shed light on the progression of AD pathology and other
tauopathies (e.g., frontal temporal lobe dementia).

In this study, neuronal ASC expression identified by IC100 demon-
strated that the reduction of Ng in neurons is in concert with the
increases of neuronal ASC expressioninthe CA1 and CA2 hippocampal
subfields. This finding suggests that as neurons become more unsta-
ble with the progression of hyperphosphorylation of tau proteins,
inflammatory processes are recruiting ASC molecules in a temporal
progression of AD pathology. Our data emphasize that the synapse may
be more vulnerable when the inflammatory machinery is activated.
These data support the importance of targeting ASC specks during the
progression of AD pathology.

In addition to a neuronal expression of ASC, we found that there is

anegative correlation with Ng expression across all three hippocampal
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Pearson’s correlation analysis of Ng and mouse anti-ASC proteins seen in the hippocampal subfields. A photomicrograph of Ng

(green), 1C100 (red), and mouse anti-ASC (purple) are seen in control (A, Ai, and Aii) and the intermediate AD cases (B, Bi, and Bii). In the controls,
the correlation analysis did not reveal any significant relationship between the number of Ng-positive neurons and the number of ASC-positive
microgliain CA1 and CA2 (C and E). The intermediate AD cases showed a significant negative correlation between Ng counts and ASC positive
microglia in the CA1 (C) and in the CA2 (F) hippocampal regions. AD, Alzheimer’s disease; ASC, apoptosis-associated speck-like protein containing
a caspase recruitment domain; CA, cornu ammonis; Mo, mouse; Ng, neurogranin (Ng). Scale bars = 20 um (A), (Ai), (Aii), and (B), (Bi), (Bii)

subfields (i.e., CA1-CAS3) using an ASC antibody identified in microglia.
During the progression of AD pathology, tau aggregates intracellu-
larly and AB accumulates in the parenchyma, which boosts the toxicity
of microglia.?¢-38 Hence it seems possible that as AD pathology pro-
gresses from CA1 to the other hippocampal subfields ASC would
oligomerize in the microglia.

In conclusion, this is the first study to show that ASC expression
is increased as Ng expression is decreased in the subfields of the hip-
pocampus of the post mortem brains with AD pathology. It is not known
if the inhibition of the inflammasome sensor protein would prevent

synaptic loss but there seems to be evidence to support that when Ng
expression is maintained in the apical dendrites, as seen in controls,
ASC oligomerization did not occur in the neurons, even in the pres-
ence of neighboring NFTs. Taken together these data demonstrate that
the loss of synaptic plasticity is in concert with the formation of the
inflammasome complex in both neurons and microglia.

This post mortem study is limited as it only offers one a snapshot of
one time period after death; however, other investigations show that
the inflammasome/ASC pathway may affect synaptic function when
activated in microglia,?® thus supporting that the inflammasome may
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TABLE 5 Correlation: Ng+ cell counts and mouse ASC.

Region r P value Significance
CAl -0.54 0.11 ns

CA2 -0.05 0.88 ns

CA3 -0.6 0.07 ns

CA1 -0.14 0.03 *

CA2 -0.69 0.008 o

CA3 -0.6 0.038 *

Note. Pearson’s correlation coefficient for each ROI, the r statistic, P value,
and significance.

Abbreviations: ASC, apoptosis-associated speck-like protein containing a
caspase recruitment domain; CA, cornu ammonis; Ng, neurogranin; ns, not
significant.

*P < 0.05.

**P<0.01.

open a novel avenue for drug development in AD. Future studies that
include a more diverse population are important to assess the relation-
ship between synaptic degeneration and inflammasome/ASC pathway
in AD.
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