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Abstract

INTRODUCTION: Individuals referred to as Non-Demented with Alzheimer’s Neu-
ropathology (NDAN) exhibit cognitive resilience despite presenting Alzheimer’s dis-
ease (AD) histopathological signs. Investigating the mechanisms behind this resilience
may unveil crucial insights into AD resistance.

METHODS: Dil labeling technique was used to analyze dendritic spine morphology
in control (CTRL), AD, and NDAN post mortem frontal cortex, particularly focusing on
spine types near and far from amyloid beta (AB) plaques.

RESULTS: NDAN subjects displayed a higher spine density in regions distant from Ag
plaques versus AD patients. In distal areas from the plaques, NDAN individuals exhib-
ited more immature spines, while AD patients had a prevalence of mature spines.
Additionally, our examination of levels of Peptidyl-prolyl cis-trans isomerase NIMA-
interacting 1 (Pin1), a protein associated with synaptic plasticity and AD, showed
significantly lower expression in AD versus NDAN and CTRL.

DISCUSSION: These results suggest that NDAN individuals undergo synaptic remod-
eling, potentially facilitated by Pin1, serving as a compensatory mechanism to preserve
cognitive function despite AD pathology.

KEYWORDS
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Highlights

* Spine density is reduced near Aj plagues compared to the distal area in CTRL, AD,
and NDAN dendrites.

* NDAN shows higher spine density than AD in areas far from Ag plaques.

» Far from AS plaques, NDAN has a higher density of immature spines, AD a higher
density of mature spines.

* AD individuals show significantly lower levels of Pin1 compared to NDAN and CTRL.
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1 | BACKGROUND

Alzheimer’s disease (AD), affecting nearly six million people in the
United States, is a progressive neurodegenerative disorder character-
ized by memory and cognitive decline, disability, and ultimately death.?
The disease’s hallmark is the accumulation of extracellular amyloid
beta (AB) plaques, primarily insoluble AB40-42 peptides, and intra-
cellular neurofibrillary tangles of hyperphosphorylated tau peptide.2>
These accumulations are especially abundant in memory-essential
brain regions like the entorhinal cortex, hippocampus, and cerebral
cortex.*"® Recent studies suggest that A plaques, combined with
the accumulation of AB peptides and tau protein at synapses, cause
neuronal structure changes such as axon and dendrite deformation,
impacting synaptic integrity, plasticity, and dendritic spine mainte-
nance, which are critical for neuronal connections.” These structural
alterations disrupt synaptic integrity and plasticity, affecting dendritic

spine maintenance and neuronal connectivity,?~1°

which precedes neu-
ronal death and cognitive decline in AD.1%12 However, a subset of
individuals - classified as A+T+N—, where “A” refers to the value of an
AB biomarker (amyloid positron emission tomography [PET] or cere-
brospinal fluid [CSF] AB42), “T” the value of a tau biomarker (CSF
phospho tau or tau PET), and “N” biomarkers of neurodegeneration or
neuronal injury ([18F]-fluorodeoxyglucose-PET, structural magnetic
resonance imaging, or CSF total tau)® - display AD-like neuropatho-
logical characteristics but without the associated cognitive decline.
We here refer to these individuals as Non-Demented with Alzheimer’s
Neuropathology (NDAN).2415 Emerging research suggests that the
structural plasticity of dendritic spines could play a crucial role in coun-
tering AD, allowing those individuals to evade dementia.121¢ Those
studies emphasize the importance of further investigating dendritic
structures in these subjects to deepen our understanding of cognitive
resilience mechanisms in AD. We previously reported that synapses
of NDAN subjects displayed a unique proteomic profile and miRNA
regulation,’” and NDAN individuals have an increased number of neu-
ral stem cells in the hippocampus,® preserved antioxidant,'” and
autophagy response,?° and their synapses are resistant to the detri-
mental binding of A8 and tau oligomers.2%22 Although NDAN and AD
subjects exhibit comparable levels of pathological AS plaque deposi-
tion, NDAN individuals appear to be resistant to the well-documented
effects of amyloid deposits on dendrites and axons, which typically
lead to spine loss, dendritic atrophy, and axonal varicosities, culmi-
nating in widespread and permanent neural disruption.112324 This
phenomenon could be attributed to a distinct microglial phenotype
we found in NDAN subjects, with high phagocytic activity around AS
plaques, that is associated with the removal of damaged synapses
and preserved axonal structure.?> The presence of this microglial
subset points to a possible synaptic recycling mechanism, wherein
damaged mature synapses are engulfed and subsequently replaced by
newly formed synapses, potentially facilitating synaptic resilience and
plasticity in NDAN brains.

In this study, we investigated potential synaptic variations among
age-matched healthy subjects (CTRL), NDAN individuals, and AD sub-

jects, whether near Ag plagues or not, by examining dendritic spines.

RESEARCH IN CONTEXT

1. Systematic review: A literature review was conducted
utilizing traditional sources, such as PubMed, to explore
synaptic remodeling in AD and in individuals who
are Non-Demented with Alzheimer’s Neuropathology
(NDAN). Few existing studies are focused on synaptic
changes in AD, but they do not compare dendrite spines
across control (CTRL), AD, and NDAN subjects in the
context of amyloid beta (AB) pathology. Additionally, we
selected Pinl as a key factor that might be crucial in
maintaining cognitive integrity in NDAN individuals.

2. Interpretation: Our findings suggest that NDAN individ-
uals experience significant dendritic spine remodeling,
primarily in areas distal to amyloid plaques. This might
represent a compensatory mechanism to counteract the
toxicity associated with AD pathology, potentially facili-
tating the turnover of mature dendritic spines to a more
dynamic type.

3. Future directions: The results highlight the potential
therapeutic value of fostering the transition from mature
to immature and plastic synapses, with a particular focus
on the role of Pin1. This insight could be pivotal in devel-
oping new approaches for synaptic rejuvenation in AD
treatment, pointing to a promising direction for future

research in synaptic plasticity and neuroprotectionin AD.

Spines are distinct identifiable protuberances from dendritic shafts
of postsynaptic neurons, primarily receiving excitatory signals that
play a critical role in forming synaptic connections facilitating neu-
ronal communication.262” Changes in their structure and density are
associated with a range of processes, from memory formation to the
onset of neurodegenerative diseases.?® Indeed, research has shown an
association between A plaque buildup and morphological changes in
dendritic spines, with the latter leading to cognitive decline.1123.24.28,29
We extended our analysis to include the protein Peptidyl-prolyl cis-
trans isomerase NIMA-interacting 1 (Pin1), identified as a potentially
significant factor in this study. Pin1 is a protein associated with AD
pathogenesis, with a crucial role in synaptic plasticity, especially within
dendritic spines and shafts, where it regulates protein synthesis essen-
tial for maintaining the late phase of long-term potentiation.®°-32 Pin1
is critical in AB42-induced dendritic loss®C and exhibits reduced levels
inregions prone to AD and elevated levels in resilient areas, suggesting
a link between its concentration and the brain region vulnerability.33
We perform this study using frontal cortex, which is strongly affected
by the AD pathology and presents a robust reduction of synaptic exci-
tatory input documented in AD but not in NDAN.2! To gain further
insight into dendritic spine adaptability and Pin1 distribution, we ana-
lyzed the morphology, density, and distribution of dendritic spines in

the frontal cortex areas adjacent to and away from the plaques.
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TABLE 1 Clinical data of human subjects used in this study.

A. Alzheimer’s Disease Center Sanders-Brown Center on Aging
at the University of Kentucky (UK): Dil labeling

Braak
Diagnostic Age Gender MMSE stage PMI (h)
CTRL 86 F 30 1 1.75
CTRL 85 F 30 2 3.1
CTRL 80 F 30 2 2.63
CTRL 83 7 30 2 1.83
AD 69 F 0 6 1.26
AD 60 M 9 6 17.33
AD 81 F 15 6 18
AD 72 M 8 6 12
NDAN 87 F 30 5 25
NDAN 94 7 30 4 &
NDAN 77 M 30 4 2.75
NDAN 87 [ 30 4 2.25

B. Oregon Brain Bank at the Oregon Health and Science University
(OHSV): Immunofluorescence and western blotting experiments

Braak

Diagnostic Age Gender MMSE stage PMI (h)
CTRL 86 F 29 2 8
CTRL 83 M 29 1 <14
CTRL 74 F 29 2 7.5
CTRL 90 7 29 2 9
CTRL 100 F 29 2 25
AD 90 F 20 6 5
AD 87 F N/A 6 2.5
AD 83 M N/A 5 13
AD 88 M N/A 6 4
AD 95 M 21 6 5
NDAN 93 M 26 4 4
NDAN 90 7 28 4 8
NDAN 82 M 28 4 8
NDAN 92 M 28 4 3days
NDAN 98 F 27 4 4.75

Note: Braak stage: A measure of the number and location of tau tangles and
AB plaques in the brain.

Abbreviations: MMSE, Mini-Mental State Examination (administered
within the last year); PMI, post mortem interval.

2 | METHODS

2.1 | Post mortem human brain samples

Formalin-fixed post mortem human frontal cortices from four CTRL,
four AD, and four NDAN individuals, aged 60 to 94 years with post
mortemintervals (PMls) ranging from 1 to 18 h (Table 1A), were sourced
from the National Institute on Aging-funded University of Kentucky
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Alzheimer’s Disease Research Center of the Sanders-Brown Center on
Aging at the University of Kentucky (UK), USA, for Dil labeling. For
immunofluorescence labeling, fresh frozen post mortem human frontal
cortices from five CTRL, five AD, and five NDAN individuals, aged 74 to
100 years with PMIs ranging from 2 to 72 h (Table 1B), were procured
from the Oregon Brain Bank at the Oregon Health and Science Uni-
versity (OHSU), Portland, OR, USA. Donors were clinically evaluated
in studies at the National Institutes of Health (NIH)-sponsored Layton
Aging and AD Center (ADC) at OHSU, as detailed in Fracassi et al.2®
Brain tissue collection took place at autopsy, with approvals from the
Institutional Review Board. Pathological characteristics for AD, NDAN,
and CTRL were ascertained using the Consortium to Establish a Reg-
istry for Alzheimer’s Disease (CERAD) criteria and Braak’s criterion.
The cohort listed in Table 1A was used for Dil assay (Figures 1, 2, 3, and
4); the cohort listed in Table 1B was used for immunofluorescence and

western blotting experiments (Figure 5).

2.2 | Tissue preparation

Upon arrival, the formalin-fixed cortex tissue blocks approximately
sized 0.5 x 1 x 1 cm® designated for Dil labeling were processed
and transferred to 0.1 M phosphate buffer saline (PBS), pH 7.4 (Cat-
alog No. BP665-1, Fisher Scientific, Fair Lawn, NJ, USA). These tissue
sections, each 100 um thick, were processed on a vibratome either
the day before or on the day of Dil labeling. Sections were stored
in sterile 0.1 M PBS, pH 7.4 at 4°C until use. For immunofluores-
cence labeling, the fresh frozen cortex tissue blocks were thawed
from —80°C, then cryoprotected using OCT compound (Catalog No.
4585, Fisher HealthCare, Houston, TX, USA), sectioned at 12 um onto
Superfrost/Plus slides (Catalog No. 12-550-15, Fisherbrand, Fisher Sci-
entific, Pittsburgh, PA, USA). Prepared slides were stored at —80°C
until use.

2.3 | Neuronal structure labeling

The neuronal structures underwent labeling using the lipophilic dye,
Dil, 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlo-
rate (Catalog No. D282; Invitrogen, Eugene, OR, USA). Dil was soni-
cated for at least 4 h until it turned into fine crystals. A fine crystal
was picked using a 30-gauge needle and gently applied to a moist tissue
sectionin 0.1 M PBS, pH 7.4, under a dissection microscope. After incu-
bation for 72 h at 4°C, Dil-stained tissue sections were fixed with 4%
paraformaldehyde for 5 min. The sections then underwent three 8-min
washes in 0.1 M PBS, pH 7.4 at room temperature (RT). To enhance the
visualization of amyloid plaques, sections were incubated in 2 ug/mL
Thioflavin S (Thio-s) for 8 min followed by three 3-min washes in
0.1 M PBS, pH 7.4. Subsequently, sections were treated with True-
Black Plus lipofuscin autofluorescence quencher (Catalog No. 23014,
Biotium, Fremont, CA, USA) for 7 min, rinsed with 0.1 M PBS, pH 7.4, to
remove excess and mounted on glass slides with Prolong Glass hard set

mounting medium (Figure 1A).
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FIGURE 1 lllustration of Dil labeling steps of neuronal structure in post mortem human frontal cortex and analysis of dendrites and spine
parameters. (A) Simplified steps of Dil application on brain tissue sections and thioflavin labeling. (B) Representative picture of dendrites (red)
surrounding the AB plaque (blue in a small oval). The area defined as proximal to the plaque includes AB plaque and the surrounding 10-um area.
The area outside the large oval without plaque deposition is considered distal area. (C, D) Image of dendrite (C) and 3D reconstructions of the
different types of spine (D) after analysis using Filament tracer and Classify Spines XTension Imaris analysis software version 9.9. Dendrite length,
dendrite diameter, spine number, spine density, and dendritic spine morphology in the proximal area versus distal area were analyzed. (E) Spine
classification criteria according to Classify Spines XTension Imaris analysis software version 9.9. Donor information described in Table 1A.
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2.4 | Immunofluorescence

The fresh frozen post mortem human frontal cortices sections were
fixed in 4% paraformaldehyde for 30 min and washed three times in
0.1 M PBS, pH 7.4, each for 7 min. Sections were then incubated for 1 h
at RT in a blocking buffer solution containing 10% Normal Goat Serum
(NGS), 5% bovine serum albumin, 0.5% Triton-x100, and 0.05% Tween
20 in 0.1 M PBS, pH 7.4. The sections were then exposed overnight
to a 1:200 solution of rabbit-anti-Pin1 primary antibody (Catalog No.
10495-1-AP, Proteintech, Rosemont, IL, USA) in 0.1 M PBS, pH 7.4,
with 1.5% NGS. On a subsequent day, after three 8-min washes in
0.1 M PBS, pH 7.4, sections were incubated in a 1:400 solution of goat-
anti-rabbit Alexa Flour 488 secondary antibody (Catalog No. A1108,
Invitrogen, Eugene, OR, USA) with 1.5% NGS in 0.1 M PBS, pH 7.4, for
1 h at RT. After three 8-min washes in 0.1 M PBS, pH 7.4, sections were
exposed to 2 ulL/mL Thio-S in 0.1 M PBS, pH 7.4, for 8 min, washed
three times for 3 min each in 0.1 M PBS, pH 7.4, then mounted using
EverBrite TrueBlack hardset mounting medium enhanced with far-red
NucSpot 640 (NucS 640, Catalog No. 23019, Biotium, Fremont, CA,
USA) and stored at 4°C.

2.5 | Imaging

Images of Dil-labeled dendrites in gray matter, both proximal and dis-
tal to the AB plaques, were captured within 3 days. An Olympus FV
3000 Laser Scanning Confocal microscope was employed, with laser
excitations at 405 and 559 nm to visualize Thioflavin S and Dil, respec-
tively. Each image was viewed under a 63x immersion oil objective.
Images with a resolution of 800 x 800 pixels, composed of stacks of
70 images at dimensions of 0.132 x 0.132 x 0.28 um per step, with a
zoom of 2, were used to generate a three-dimensional construct of den-
drite structures. Similarly, z-stack images illustrating Pin1 distribution
near and distant from the plaque were captured using a Keyence BZ-
X800 (Keyence Corporation) with a 60x immersion oil objective. These
images had a resolution of 1920 x 1440 pixels, with 15-image stacks at
az-step size of 1 um.

2.6 | Image analysis

Filament Tracer module and Classify Spines XTension (https://imaris.
oxinst.com/open/view/classify-spines) tools in the Imaris analysis soft-
ware version 9.9 were used for quantitative analysis of dendrites and
spine classification. For dendritic spine quantification, analysis was
focused on areas both proximal and distal to the plaques. The dendrite
of interest (DOI) is defined as unbranching and/or non-overlapping
with any other dendrite segment. Dendrite segments ranging from 10
to 50 um in length, either passing through the AB plaque or located
within a 10-um radius around it, were categorized as belonging to the
proximal region. Dendritic segments within the same length range but

situated in areas devoid of plaques or distant from the proximal region
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were labeled as part of the distal region (Figure 1B,C). Three images of
neurites were captured in the proximal area, and three were taken in
the distal area for each section. For each subject, three sections were
analyzed, and one to four dendrites from each image were examined.
The Filament Tracer module and the Classify Spines XTension were
employed to visualize and measure various parameters, including den-
drite length (ranging from 10 to 50 um), dendritic diameter, dendritic
spine morphology, and spine density in both the proximal and distal
regions relative to the plaque. Dendritic spine density was defined as
the number of spines per 10-um length of dendrite. In the surpass
mode of the Filament Tracer module, dendrite segments and spines
were traced using the autopath algorithm, resulting in a tree-like fila-
ment structure based on local intensity contrast. Dendritic spines were
measured in three dimensions. The maximum diameter of dendrites
was constrained to 6 um, and the minimum diameter for spines was
set at 0.26 um. Automatic thresholds were applied to generate spine
seed points and for surface rendering. Following the trace generation,
afilter was applied to ensure precise identification of all dendritic pro-
trusions as spines. The classification of the different types of spines
was assessed based on criteria pre-established by the Classify Spines
Xtension software. Briefly, the classification rules combine the spine
morphology categories (Spine, Head, Neck, Ground) with the follow-
ing variables: volume, length, mean/ minimum/ maximum/ width. Each
class is identified by name, classification rule, and color (Figure 1D,E).
Spine classification was based on predefined criteria established by
the Classify Spines XTension software, categorizing spines into four
classes: (i) Stubby spines were defined by a length of less than 1 um.
(i) Mushroom spines exhibited a length less than 3 um, with the maxi-
mum width of the spine head being at least twice the mean width of the
spine neck. (iii) Long thin spines were characterized by a mean width
of the spine head equal to or greater than the mean width of the spine
neck. (iv) Filopodia/other included dendrites and spines not falling into
the previous categories (Figure 1D). These predefined criteria gener-
ate a binary output, where 1 signifies true and O denotes false. The
total number of spines within each class was computed by summing
the results of these predefined criteria. Then, spines falling into class iv,
filopodia/other, were subjected to more stringent criteria of selection
and classification: a head diameter less than 0.35 um, a head-to-length
ratio greater than 2.5, and a head-to-neck ratio less than 1.1 um, result-
ing in their reclassification as filopodia.>* Considering long thin and
filopodia are indicative of immature, less stable spines with the poten-

tial to transition into different types of spines3>

or undergo extension
and retraction processes, we chose not to impose constraints on the
spine length. Table 2 shows the geometric measurements of dendritic
spine morphology, independent of subject group and location. For the
quantitative analysis of Pin1, a total of three or four sections per sub-
ject were examined. For each section, 10 images were captured: five
images of Pin1 surrounding a plaque of similar size and five images of
Pin1 in areas free of plaques. ImageJ software (https://imagej.nih.gov/
ij, NIH) was utilized for the quantitative analysis of the Pin1 fluores-
cence marker. Fluorescence intensity was measured, and the sum of the

pixel values in a region of interest (ROI) was expressed as integrated
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TABLE 2 Geometric measurements of dendritic spine morphology, independent of subject group and location.
Stubby Mushroom Long Thin Filopodia Total
Length 0.57+0.44 146 +043 2.02+0.97 169+ 111 0.85 + 0.72
Neck width 0.09 +0.27 0.40 +0.65 0.71+0.48 0.40 +0.07 0.2 + 0.42
Head width 1.04 +0.55 1.75+0.95 1.06 +0.77 0.31+0.03 1.08 + 0.68

Note: Filopodia were categorized separately from the rest of the spines under category iv (Filopodia/Other). Mean values are presented with their

corresponding standard deviations. Values are expressed in um.

density (IntDen), using the following formula: IntDen = Area x Mean

gray value.

2.7 | Western blotting

Frontal cortex tissue (25 mg) from age-matched controls (n = 6) and
AD and NDAN subjects (n = 7/group) were homogenized on ice in 1x
RIPA buffer (#9806, Cell Signaling Technology Inc., Danvers, MA, USA)
containing 1 mM PMSF, 1x Halt Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, Rockford, IL, USA). Tissue lysates
were centrifuged for 15 min at 15,000 x g, 4°C. Protein concentra-
tions were measured using the Bio-Rad protein assay kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

Protein lysates (15 ug) were resolved by 4% to 15% SDS-
PAGE (Criterion TGX, Bio-Rad Laboratories, Inc., Hercules, CA, USA),
electrophoretically transferred to polyvinylidene difluoride mem-
branes (Immobilon-P, Millipore, Billerica, MA, USA), and subjected to
immunoblotting analysis. Protein blot membrane was blocked in 3%
bovine serum albumin and Tris-buffered saline (TBS)/0.1% Tween-
20 (TBS-T) for 1 h at RT. Antibodies used were as follows: anti-Pin1
(1:1000, Catalog No. 10495-1-AP, Proteintech, Rosemont, IL, USA)
overnight at 4°C, anti-B-actin (1:50000, Catalog No. A1978, Sigma-
Aldrich, St. Louis, MO, USA) for 1 h at RT. HRP-conjugated secondary
antibodies were used: anti-rabbit 1gG (1:5000, Catalog No. 7074, Cell
Signaling Technology), anti-mouse IgG (1:5000, Catalog No. 7076, Cell
Signaling Technology) for 1 h at RT. Signal detection was performed
with Electrochemiluminescence Western Blotting Detection Reagents
(RPN2209, Cytiva Amersham, Marlboroug, MA, USA). Expression lev-
els were evaluated by quantification of the relative density of each
band normalized to that of the corresponding $-actin band density,
using ImageJ software version 1.46r (NIH, Bethesda, MD, USA). Results
were graphed using GraphPad Prism 9 (San Diego, CA, USA). One-way
ANOVA followed by Tukey’s comparison test was used to determine

significance at p < .05.

2.8 | Statistical analyses

For the dendritic spine study, statistical tests were performed using
GraphPad Prism software version 9.5.1. Where appropriate, one-way
ANOVA or two-way ANOVA followed by Tukey’s multiple-comparisons
tests were used to detect statistical significance between and within
groups. Pearson’s correlation coefficients were used to examine the

relationship between age or PMI and number of spines, spine den-
sity, dendritic diameter, and dendritic spine morphologies. Data were
presented as mean + SD, and p < .05 was considered statistically
significant.

We calculated the total number of spines (stubby, mushroom, long
thin, and filopodia) both proximally and distally to the plaques in CTRL,
AD, and NDAN subjects. Then, considering only the spines in the prox-
imal area to the plaques, we proceeded as follows: we computed the
total number of spines (stubby, mushroom, long thin, and filopodia)
within each diagnosis. For each type of spine, we used a chi-squared
test to determine whether the percentage of that type of spine differed
between diagnoses. We also carried out a chi-squared test to deter-
mine whether the overall distribution of spine types differed between
diagnoses. The same analysis was then repeated for spines located in
the distal area. Within the CTRL group we proceeded as follows. We
computed the total number of spines (stubby, mushroom, long thin,
and filopodia), both proximally and distally to plaques. For each type
of spine, we used a chi-squared test to determine whether the percent-
age of that type of spine differed between distances. We also carried
out a chi-squared test to determine whether the overall distribution
of spine types differed in relation to distance from the plaques (distal
area vs proximal area plaque). This analysis was repeated for AD and
NDAN subjects. Within the proximal area spines, we examined stubby
percentage, stubby per 10 um, mushroom percentage, mushroom per
10 um, long thin percentage, long thin per 10 um, filopodia percentage,
and filopodia per 10 um. We carried out an ANOVA to detect differ-
ences between diagnoses. We repeated the ANOVA with a random
effect for the individual subjects from which samples came. The same
analysis was then repeated for distant spines. All analyses were con-
ducted using R Statistical Software version 4.2.2 (R Core Team 2022).R
Core Team, “R: A language and environment for statistical computing”
(R Foundation for Statistical Computing, Vienna, Austria, 2022).

3 | RESULTS

3.1 | Differential dendritic morphology in areas
proximal and distal to Ag plaques in AD versus
NDAN

Considering the pivotal role of AB oligomers in causing the loss of
dendritic spines and the morphological alterations linked to synaptic
dysfunction in individuals with AD,28:3¢-38 we conducted a compara-
tive histological study of dendrites and dendritic spines in the frontal
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cortex of age-matched CTRL, AD, and NDAN individuals. We stained
AB plaques using thioflavin and selected as a proximal area the region
within 100 um of the plaques and a distal area farther than 100 um
(Figure 1). Dil-labeled dendrites and 3D image reconstruction revealed
that CTRL, AD, and NDAN groups showed a significant reduction in
dendrite diameter (Figure 2A-D), dendrite length (Figure 2A,E-G), and
spine density (Figure 2A,H-J) in the proximity of the plaques compared
to the distal area (Figure 2D,G,J), except for the dendrite length in the
NDAN group (Figure 2G). Interestingly, we found no differences within
groups in the proximal area concerning dendrite diameter, dendrite
length, and spine density (Figure 2A,B,E,H), indicating a uniformly toxic
environment across all groups. Nonetheless, in the distal region, the AD
group displayed enlarged dendrites in comparison to the NDAN group
(Figure 2A, white arrow), indicating the presence of swollen and com-
promised dendrites even at a distance from the plaques. A comparable
trend emerged from a quantitative analysis comparing the diameters of
AD dendrites with those of CTRL and NDAN, with the latter showing a
significant reduction in diameter (Figure 2C). Meanwhile, the dendrite
length in the distal area showed no significant differences among the
groups (Figure 2F). Notably, far from plaques, the NDAN group showed
a higher spine density compared to the AD group, with a similar trend
compared to the CTRL subjects (Figure 2I). This result suggests that
NDAN individuals may possess a compensatory response that is absent
in AD patients, resulting in the preservation or increase in dendritic

spine numbers in regions characterized by a less toxic environment.

3.2 | NDAN individuals have increased density of
highly dynamic spines

Because dendritic spine types and their morphology change in
response to certain stimuli or stress conditions,3?~42 we examined the
distribution of different dendritic spine types across the three study
groups. Briefly, filopodia are dynamic structures capable of transition-
ing into various types of spines. They are characterized by their long,
slender shape, lacking a distinctive head.*3-#> Long thin spines, char-
acterized by small heads and elongated necks, are thought to play a
role in learning and can evolve into mushroom spines over time.*344
Stubby spines, identified by short, wide necks and the absence of a dis-
tinct head, may represent an intermediate stage, potentially forming
after the degeneration of mushroom spines.*3444¢ Finally, mushroom
spines, considered mature synapses due to their stable and enduring
structure, are associated with long-term memory consolidation.*34447

We assessed the density of each spine type in proximity to and at
a distance from plaques. First, we analyzed the different types of den-

dritic spines in the proximal area, and we found no differences among

the groups for each of the analyzed types (Figure 3A,D,G,)). Interesting
findings were made in the distal area, where our analyses showed that
AD individuals were characterized by a reduced density of stubby, long
thin, and filopodia/other spines compared to NDAN (Figure 3B,H,K).
Notably, the levels of stubby, long thin, and filopodia/other spines did
not change between CTRL and AD. However, the density of mushroom
spines in AD was significantly higher than NDAN (Figure 3E). More-
over, when filopodia spines were separated from the filopodia/other
group using the more stringent criteria (see method section Image anal-
ysis), we observed filopodia spines only in the NDAN group, specifically
a larger number of filopodia spines were observed in the distal area
compared to the proximal area. However, this difference was not sta-
tistically significant. Notably, filopodia were absent in both the AD
and CTRL groups. Overall, our analysis showed that, for most spine
types (Figure 3C,F,L), the densities were higher in the distal than in
the proximal area across all groups. Exceptions to this pattern were
the mushroom spines in the NDAN group (Figure 3F), long thin spines
in the AD group (Figure 3l), and filopodia/other in the CTRL group
(Figure 3L). This disparity in spine type density prompted us to examine
whether the percentage distribution of spine types varied among diag-
nostic groups, in both the proximal and distal areas. We observed that
stubby spines were predominant among all spine subtypes, irrespective
of group or location, constituting the highest percentage compared to
other spine types. Conversely, in NDAN individuals, mushroom spines
were the least prevalent (Figure 4A,B). Notably, in contrast to NDAN,
long thin spines were the least common in both AD and CTRL in both
regions. Furthermore, examining the percentage distribution within
both the proximal and distal areas, we determined that in the proximal
area, the prevalence of mushroom spines significantly varied among
diagnostic groups. In contrast, in the distal area, the variation was more
pronounced across all spine types and all groups (Figure 4C).

We also conducted a statistical analysis on other spine parameters,
performed independently of the categorization of spine types in which
we analyzed length, area, and volume (Figure S1). Our findings indi-
cate that in regions both proximal and distal to plaques, AD subjects
exhibited significantly larger dendritic spines, specifically greater area
and volume, in contrast to NDAN subjects, who presented the smallest

spine dimensions.

3.3 | Different Pinl distribution and increased
expression in NDAN and CTRL as compared to AD

The modulation of spine morphology, spine density, and synaptic func-
tion by Pin1 proteins has been previously documented,32 as has its

impact in synaptic plasticity in AD.*® We tested the hypothesis that the

red for stubby spines, green for mushroom spines, blue for long thin spines, magenta for filopodia. No significant differences were identified in the
ApB plaque proximity: dendrite diameter (B), length (E), or total spine density (H) among CTRL, AD, and NDAN. (C) In the distal area, AD individuals
showed larger dendrite diameter compared to NDAN. The dendrite length (F) in the distal area was not different among the groups. (1) Total spine
density was higher in NDAN compared to AD, in the distal area. When comparing the proximal area to the distal area, the dendrite diameter (D),
length (G), and total spine density (J) in the distal area exceeded those in the proximal area for all groups, except for the dendrite length of NDAN.
For statistical tests, we used a mixed-effects ANOVA model with a random intercept for the individuals. Donor information described in Table 1A.



Alzheimer’s &Dementia’ | s

GUPTARAKET AL.
THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION
PROXIMAL DISTAL PROXIMAL vs DISTAL
(A) (B) (©)
20— 20— :° 20—
. 1.34e-5
104 10 4+ .. 104 —
10T 10+ . 10T
£ £ £
§' 1 - 5 S %7 9se7 ;0067
T & I~ S —
o) P 2 I
o 4 % ) a8 4-
2 . ::, 2 2 I
n 24 n n 2-
o :
0- —— 0——T T T
CTRL AD NDAN D P D D
CTRL AD NDAN
(D) (E) 0.012 (F)
6 6 ) 6
—~ 47 ’ ’E‘41 . . — 47
€ . 3 - . € .
3T 3 3T
g S * : £ 1.7e-5
At ~ Z .7e-
£ 2- : €24 s . £ 2 X2
9 . o : goor e
2 . E e
@ 1- : T . CER @ 1 I I
M . 0::.'00 .
s § ; = = ek s I I i
0 T i e 0 T i T 0—— i T
CTRL AD NDAN CTRL A NDAN P D P D P D
CTRL AD NDAN
(G) (H) 0.009 U]
8 8 0.008 8
61 61 : 61
4 4 . : __ 4
=37 3T . . E 37
5. . §- . i é‘ 0.023
<24 T24 % . = 2
c £ . . ‘=
= = . . s 0.04
o1 . . = ! : 2 ,|— ==
c . c . —f— [e)
o : S t g - I
J . S S —f— —— ¢ !
- e——— 0 T T T 0“* T T I
CTRL AD NDAN CTRL AD NDAN P D P D P D
CTRL AD NDAN
) (K) 0.026 (L)
‘gzoi 204 ° Efg' 4.41e-4
3-10 3-10-__ s & g— _
T 5+ T 5+ . 5T
[ [ . ® a
£ 4 £ 4 H £
Q 3] @] 34 . Q 3]
g % . . g 8.7e-4
o 27 . o 27 ] . o 8 27
3 1- : : 3 1 X 2 3 1 I
i e, i —_—— 3 T, S
o N ° ' ' \ PD PD P D
CTRL AD NDAN CTRL AD NDAN CTRL AD NDAN

FIGURE 3 Quantitative analysis of spine types relative to A3 plaques. Stubby spines (A-C), mushroom spines (D-F), long thin spines (G-1), and
filopodia (J-L) were analyzed expressed as number of spines per 10 um, in proximity and distally to the A3 plaques. There were no significant
differences in spine density of stubby (A), mushroom (D), long thin (G), or filopodial (L) between CTRL, AD, and NDAN in the proximal area. In the
distal area: (B) Stubby spines did not show differences within groups; however, (E) AD subjects have significantly higher levels of mushroom spines
compared to NDAN. In the distal area, (H) long thin spine density was higher in NDAN compared to CTRL and AD individuals, and filopodia (K)
spines were higher in NDAN compared to AD. The densities of the four spine subtypes (C, F, I, L) were higher in distal areas than in the proximal
area, except for mushroom spines in NDAN (F), long thin in AD (1), and filopodia in CTRL (L). For statistical tests, we used a mixed-effects ANOVA
model with a random intercept for the individuals. Donor information is presented in Table 1A.
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FIGURE 4 Percentage of spine subtypes relative to A3 plaques. Donut diagrams showing CTRL, AD, and NDAN spine subtype relative
abundances expressed in percentages, in proximal (A) and in distal (B) areas. Spine subtypes are color coded: red for stubby spines, magenta for
filopodia spines, blue for long thin spines, and green for mushroom spines. In the distal area, the densities of stubby, mushroom, long thin, and
filopodia spines differ significantly between CTRL, AD, and NDAN. In contrast, in the proximal area, the spine densities of all types, except for the
mushroom spines, did not show significant differences (see p values in (C). For statistical analysis, a chi-squared test was used to determine
whether the percentage spines differed between diagnoses (C). Donor information is presented in Table 1A.

changes observed in dendritic morphology and spine densities were
associated with a different distribution of Pin1 (Figure 5). To evaluate
Pin1 distribution, we used an antibody specifically designed to mark
Pin1 in the frontal cortex gray matter of CTRL, AD, and NDAN sam-
ples. Microscopic observations in the proximal area revealed that all
the groups showed Pin1 localized within the plaque and appeared as
clusters in the vicinity of the nuclei (Figure 5A). In contrast, in regions
farther from the plaques, Pin1 localization differed among groups. In
AD samples, Pin1 was mainly seen in the neuronal soma (Figure 5B).
Conversely, in both NDAN and CTRL samples, Pin1 was evenly dis-

tributed between cell processes and soma, as shown in Figure 5B.

Quantitative analysis of immunoreacted sections indicated that Pinl
protein distribution was significantly higher in the distal area com-
pared to the proximal area (Figure 5B,D,E) in NDAN and CTRL, but
not in AD samples. In the area close to plaques, Pinl expression was
higher in NDAN compared to CTRL and AD samples (Figure 5A,C,E).
Investigating the association between Pin1 expression and AD pro-
gression, we conducted a Pearson’s correlation analysis. Pinl levels,
quantified through immunofluorescence (IF) by aggregating proximal
and distal measurements, demonstrated a significant correlation with
both cognitive impairments, as assessed by Mini-Mental State Exam-

ination (MMSE), and neuropathological severity, indicated by Braak
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FIGURE 5 Levelsof Pinlrelative to A plaques. (A, B) Representative images displaying Pin1 distribution in the proximal area compared to the
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multiple-comparisons test, p < .05. Value is expressed as mean + SD. Donor information is presented in Table 1B.
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staging (Figure S2A,B). To ensure that the variations in the PMI did
not affect the measurements, we also performed a correlation analy-
sis between PMI values and IF results presented here using a Pearson’s
correlation test. No correlation was found between PMI values and
any of the elements/antigens studied here. Therefore, observed differ-
ences could not be attributed to differences in non-specific post mortem
tissue degradation. The same held true when we correlated IF values
with ages (Figure S2C,D). Additionally, western blot assessments of
total protein lysates from the frontal cortex indicated no statistically
significant differences among the groups (Figure 5F).

4 | DISCUSSION

The aim of this work was to explore potential synaptic differences
associated with cognitive resilience by examining dendritic spine mor-
phology and their integrity in relation to AB plaques in CTRL, AD, and
NDAN individuals. Specifically, our goal was to shed light on the pos-
sible synaptic contributions underlying cognitive resilience, peculiar to
NDAN subjects.

As previously described, NDAN individuals are distinguished by a
unique microglial phenotype, specifically localized near AB plaques.
These microglia, characterized by heightened TREM2 expression and
increased phagocytic activity, appear to be actively involved in clear-
ing damaged synapses. This specialized microglial subset is thought to
play a protective role in preventing extensive damage along axons and
dendrites.?®> Therefore, the presence of this microglial population sug-
gests the existence of a synaptic recycling mechanism, wherein com-
promised mature synapses are engulfed and subsequently replaced by
newly formed synapses. Based on these premises, we hypothesized
that this process likely contributes to synaptic resilience and plasticity
within the brains of NDAN individuals, ultimately contributing to cog-
nitive integrity, through the preservation and remodeling of dendritic
spines. To test this hypothesis, we focused on the frontal cortex as our
area of investigation. This region has been studied, and it exhibits sig-
nificant synaptic excitatory input remodeling in AD but not in NDAN
individuals.2! Moreover, the frontal cortex is integral to the default
mode network, a resting-state network linked with self-referential cog-
nitive processes like introspection and autobiographic memory, that is
significantly affected in AD individuals.*?:5°

Consistent with previous studies in AD1-53 and animal models®7:54
that have shown synaptic and spine loss near plaques, we observed
in all groups a decrease in dendritic spine numbers near Ag plaques,
including in the CTRL group, suggesting that Ag induced severe synap-
tic toxicity.3¢:375:56 NDAN individuals, as opposed to those vulnerable
to AD, appear to counteract this toxicity in regions distant from the
plaques, as indicated by the augmented spine density. These findings
imply that in resilient individuals, AS toxicity is confined to the immedi-
ate proximity to plaques. In AD patients, analysis of A distal dendrites
revealed increased dendrite diameter compared to NDAN subjects.
This was confirmed by further analyses conducted on spines’ length,
area, and volume indicating that in regions both proximal and distal to

plaques, AD subjects exhibited significantly larger dendritic spines. In

light of our recent study revealing reduced autophagy in AD and pre-
served in NDAN individuals, we hypothesize that enlargement of the
dendritic diameters may indicate a stressed autophagic process, result-
ing in the accumulation of partially digested cellular matter due to
disrupted autophagosome-lysosome fusion.”?? NDAN subjects exhibit
an increase of spine density in regions distant from plaques compared
to both AD patients and CTRL individuals. This suggests the exis-
tence of potential compensatory mechanisms that counter dendritic
loss near A plaques, unlike in AD, where such mechanisms are absent.
This difference could contribute to an augmented capacity for synaptic
connection plasticity in NDAN individuals, potentially preserving their
cognitive function.

We also conducted an analysis of dendritic spine types in CTRL,
AD, and NDAN groups. Spine types were categorized based on pheno-
typic characteristics, ranging from the most dynamic and plastic to the
least: filopodia, long thin, stubby, and mushroom. As described in the
results section, dendritic spines are classified into four main types with
distinct morphologies and functions: the stubby, which are short and
immature; the mushroom, which are mature and stable; the thin, which
are flexible and transient; and the filopodia, which are highly dynamic
protrusions that actively explore the surrounding environment to form
new synaptic connections.*3>7

Our analysis indicated that in the proximal region, A3 had a signif-
icant impact on dendritic spines by causing substantial reductions in
all types of spines, possibly due to the disassembly of F-actin in den-
dritic spines described in this study.”® Importantly, these reductions
showed no significant differences among the studied groups. Notably,
compared to AD, NDAN samples showed a significant decrease in
mushroom spines and an increase in more immature spines in the distal
area. NDAN subjects exhibited a higher density of transitional spines,
such as long thin and filopodia, and showed a similar trend for stubby
spines, in comparison with the more stable mushroom spines in the
distal area. NDAN subjects exhibited a higher density of transitional
spines, such as long thin and filopodia, and showed a similar trend for
stubby spines, in comparison to the more stable mushroom spines in
the distal area. This indicates a promotion of turnover from mature
synaptic spines to more plastic and immature ones.

Dendritic spine rearrangement in select individuals may be
attributable to the active involvement of glial cells. Microglia, by
identifying and phagocytizing dysfunctional synapses, are instrumen-
tal in the maturation and remodeling of dendritic spine networks.>3
Astrocytes, by forming tripartite complexes with presynaptic and
postsynaptic structures, play a pivotal role in regulating synaptic
transmission and plasticity.>” Notably, astrocytes appear to preferen-
tially interact with larger dendritic spines,’® suggesting a bias toward
mushroom spines over more immature spine types. Head spine size
correlates positively with the probability of neurotransmitter release
and the size of the postsynaptic response®:62 and, for AD subjects
having larger numbers of mushroom spines compared to other types,
may help to explain the typical circuit hyperexcitability found in
AD individuals.t3%* However, we know the limitations of certain
speculation due to the fact that our sample was a post mortem fixed
tissue. In addition, it has been shown that NDAN individuals exhibit
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better preservation of astrocytes!? and more microglia of a phagocytic
phenotype?> compared to AD individuals, ultimately making strong
the case of a critical role of those cell types in maintaining synaptic
health and cognitive integrity.

Upon identifying Pinl as a potential key player in this protective
mechanism through an extensive literature review, we subsequently
focused our research on examining its expression levels and distribu-
tion. Pin1 is implicated in the regulation of dendritic spine formation
and maintenance, influencing synaptic plasticity.32¢> It also affects the
conformational state of tau, a protein not only linked to AD pathogen-
esis but also essential for maintaining the cytoskeletal structure within
dendritic spines.®®¢” Pin1 plays a critical role in AB42-calcineurin
signaling, which ultimately leads to synaptic loss,*® and the inhibi-
tion of calcineurin has been associated with a reduced incidence of
AD.%849 Pin1 may also alter the processing of amyloid precursor pro-
tein (APP), influencing AB production.’® In addition, Pin1 plays a critical
role in neuroinflammation, potentially influencing the phenotype of
microglia.2® In our study we observed lower levels of Pin1 in AD com-
pared to CTRL and NDAN, both distal and proximal to plaques. In
addition, Pin1 levels correlated with cognitive score of the individuals
(MMSE) and stage of the pathology (Braak stage). This suggests that
the reduced expression of Pin1 in AD may contribute to the compro-
mised synaptic integrity and plasticity observed in these individuals,
highlighting its role in synaptic resilience mechanisms, as witnessed by
high levels of Pin1in NDAN individuals.

Overall, our research elucidates distinct patterns of dendritic spine
morphology between vulnerable AD patients and resilient NDAN indi-
viduals. The increased spine density and immature spine types in
NDAN individuals highlight a unique synaptic adaptability, which may
play a key role in preserving cognitive function despite the presence
of AD pathology. In addition, our findings indicate that the differen-
tial expression of Pin1 in NDAN individuals compared to those with
AD may underpin a protective mechanism against synaptic damage and
cognitive decline. This adds a new dimension to our understanding of
AD pathogenesis and cognitive resilience, opening venues for explor-
ing therapeutic strategies targeting Pin1-related pathways to promote
synaptic welfare and potentially mitigate cognitive symptoms of AD.
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