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ABSTRACT

Aims: In Alzheimer's disease (AD), the pathological accumulation of tau in synapses contributes to synapse dysfunction and
loss. However, the small and complex structure of synapses limits the investigation when using conventional techniques. In this
work, we describe the combination of array tomography (AT) with two-colour direct stochastic optical reconstruction micros-
copy (ASTORM) to enhance lateral resolution for resolving synaptic terminals in human postmortem brain.

Methods: We applied this combination to study synapses in brain samples (from biopsy and postmortem) from healthy subjects
and pathological synaptic tau (aggregates and oligomers) in samples from AD patients.

Results: AT combined with dSTORM allowed the characterisation of the orientation and shape of the synaptic terminals and the
synaptic cleft. In addition, this combination confirmed the presence of oligomeric tau in synaptic terminals in AD.
Conclusions: Overall, we found that the combination of AT and two-colour dSTORM provides optimal resolution to detect
pathological synaptic tau and its spatial relationship with presynaptic and postsynaptic terminals.

List of Abbreviations: AD, Alzheimer's disease; AT, array tomography; A{3, amyloid-g; CEM, conventional epifluorescence microscopy; CM, conventional microscopy; DLB, dementia with
Lewy bodies; dSTORM, direct stochastic optical reconstruction microscopy; FFPE, formalin-fixed paraffin-embedded; HC, healthy control; NFTs, neurofibrillary tangles; PMI, postmortem
interval; PSD95, postsynaptic density 95; SAD, sporadic Alzheimer's disease; SMLM, single molecule localisation microscopy; SYPH, synaptophysin; TIRF, total internal reflection fluorescence.
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Summary

« Combining array tomography with two-colour direct
stochastic reconstruction microscopy provides opti-
mal resolution to detect pathological synaptic tau in
human AD brains.

» The combination allows the study of the spatial rela-
tionship between pathological tau with presynaptic
and postsynaptic terminals.

« These innovative techniques deliver crucial insights
into the study of intact human synapses and shed light
on the importance of synaptic pathology in AD.

1 | Introduction

Alzheimer's disease (AD) is characterised by the presence in the
brain of extracellular aggregation of Amyloid-f (Af3) peptides,
which form amyloid plaques, and the intracellular deposition of
hyperphosphorylated tau, which forms neurofibrillary tangles
(NFTs). Although the burden of NFTs correlates with neuronal
loss and clinical severity, it does not account for total neuronal
loss [1-3], suggesting the potential involvement of soluble tau
species or other factors in the pathophysiology [4]. Synapse loss
postmortem is known to correlate with cognitive decline in AD
[5, 6]. However, the small and complex structure of synapses
poses a significant challenge to elucidating their role using con-
ventional techniques. Traditional biochemical, genetic, struc-
tural and imaging methods have yielded valuable insights into
biological processes; nevertheless, they fall short in offering a
detailed molecular perspective on the nanometre scale organisa-
tion [7]. Advances in microscopy techniques in the last decades
have opened a window to investigate synaptic pathology in neu-
rodegenerative diseases. We and others have used array tomog-
raphy (AT), a novel microscopy technique especially suited for
visualising synapses in human brain and for investigating syn-
aptic aggregates in patients with AD and dementia with Lewy
bodies (DLB) [8-11]. AT offers an increased spatial resolution
by combining ultrathin sectioning of the tissue with immuno-
fluorescence, allowing high-resolution quantitative analysis
of different ultrastructures, such as synapses or pathological

TABLE1 | Demographic and clinical data of the cohort.

aggregates in DLB and AD [9, 12, 13]. The small size of synap-
tic aggregates has led other groups to look for microscopy tech-
niques with higher resolution. In a previous study, we combined
AT with two-colour direct stochastic optical reconstruction mi-
croscopy (ASTORM), a single molecule localisation microscopy
(SMLM) technique, capable of detecting interactions within
nanometre scale [14]. Using this combination, we showed that
oligomeric, misfolded and phosphorylated tau species are found
at synaptic terminals of AD brains even in areas with low NFT
burden [11]. In the present work, we describe the full capabilities
of the combination of AT with dSTORM to achieve enhanced
lateral resolution for resolving synaptic terminals in human
postmortem brain samples from healthy subjects and synaptic
tau oligomers in samples from AD patients. The enhancement
of the lateral resolution enables a more precise study of the spa-
tial relationship between pathological proteins and the synaptic
terminals, which could provide crucial insights into synaptic pa-
thology in neurodegenerative diseases.

2 | Materials and Methods

2.1 | Protocol Approval, Patient Consent
and Postmortem Human Brain Samples

The study was approved by the local ethics committee of Hospital
de Sant Pau, Barcelona. All research was performed in accordance
with relevant guidelines and regulations. All brain tissue samples
were obtained from patients after they or their legal representa-
tives gave written-informed consent for the use of their brain tis-
sue and medical records for research purposes, as approved by
the Ethics Committee of the Hospital Clinic-FRCB-IDIBAPS, in
accordance with the Declaration of Helsinki. Neuropathological
examination was performed according to standardised protocols
at the Neurological Tissue Bank of the Hospital Clinic-FRCB-
IDIBAPS, a brain bank with expertise in neurodegenerative
diseases. Cortical biopsies were obtained from neurosurgical pro-
cedures directed at removing deep brain tumours from patients at
the Hospital de la Santa Creu i de Sant Pau (Barcelona, Spain). All
samples were processed using previously described methods [15]
and generally recommended [8]. The demographic and clinical
data of the cohort are outlined in Table 1.

Age at biopsy

Cases No. Clinical diagnosis Gender orage ofdeath  PMI (h) Region Braak NFT stage Study
1 HC (biopsy)? F 62 NA Temporal NA 1,2

2 HC (biopsy)? M 46 NA Temporal NA 1,2

3 HC F 83 7.5 Frontal 11 1,2

4 HC F 89 8.8 Frontal I 1,2

5 SAD F 90 18.0 Frontal A% 1,2

6 SAD M 64 17.9 Frontal VI 1,2,3,4
7 SAD F 82 13.8 Frontal v 1,2,3,4

Abbreviations: F, female; HC, healthy control; M, male; PMI, postmortem interval; SAD, sporadic Alzheimer's disease.
2Cortical brain biopsy. Studies: (1) AT + conventional epifluorescence microscope, (2) AT+dSTORM, (3) Formalin-fixed paraffin-embedded + Confocal, and (4)

formalin-fixed paraffin-embedded + dSTORM.
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2.2 | Immunofluorescence Staining

Formalin-fixed paraffin-embedded (FFPE) sections from the fron-
tal cortex were deparaffinised and rehydrated following standard
procedure [16]. Then, the antigen retrieval step was performed.
Next, sections were blocked with 0.2% bovine serum albumin for
1h, followed by incubation of the samples overnight with primary
antibodies diluted 1:500 at 4°C (anti-Synaptophysin, AF5555,
R&D Systems; anti-PSD95, 3450, Cell Signaling; anti-AT8, 90206,
Innogenetics). The next day, AlexaFluor secondary antibodies di-
luted 1:1000 were incubated for 1h at room temperature (Donkey
anti-Rabbit, Alexa Fluor 488, A21206, ThermoFisher; Donkey
anti-Mouse Alexa Fluor 488, A21202, ThermoFisher; Donkey
anti-Goat Alexa Fluor 647, A21447, ThermoFisher). After wash-
ing with PBS, the sections were incubated with Sudan Black B
(199664, Sigma-Aldrich) for 5min and washed with PBS again to
remove any precipitates that may have been generated. For visu-
alisation of the nuclei, the samples were incubated with Hoechst
1:5000 (33258, Life Technologies). Finally, the sections were
mounted on slides with Immu-Mount mounting medium (Thermo
Scientific™). Images were recorded by Leica inverted fluorescence
confocal microscope (Leica TCS SP5-AOBS, Wetzlar, Germany),
and cover slides were viewed with HCX PL APO 63X/1.4 NA IMM
Corr objective. Fluorescent images were acquired in a scan format
of 1024 x 1024 pixels, and a 3x scanner zoom factor was used (0.4-
um pixel size). A pulsed 405-nm laser was used for Hoechst visu-
alisation, collecting images in a spectral range of 450 to 460 nm.

2.3 | AT and Image Acquisition

The AT protocol was applied using previously described methods
[10, 16]. Briefly, Lowicryl Resin white embedded brain tissue blocks
were sectioned using a diamond knife (Diatome, United Kingdom)
generating ribbons of 70-nm-thick consecutive sections. Then, rib-
bons were incubated with Tris-Glycine solution at room tempera-
ture for 5min and blocked for 30 min with cold water fish blocking
buffer (G7041, Sigma-Aldrich). Sections were incubated overnight
with primary antibodies diluted 1:50 at 4°C (anti-Synaptophysin,
AF5555, R&D Systems; anti-PSD95, 3450, Cell Signaling; anti-T22,
ABN454-1, Millipore). After TBS washes, secondary antibodies di-
luted 1:50 were applied for 30min at room temperature (Donkey
anti-Rabbit, Alexa Fluor 488, A21206, ThermoFisher; Donkey
anti-Mouse Alexa Fluor 488, A21202, ThermoFisher; Donkey
anti-Goat Alexa Fluor 647, A21447, ThermoFisher). Sections were
washed with TBS and stained with Hoechst diluted 1:100 (33258,
Life Technologies) for 5min for nuclei visualisation. Finally, cov-
erslips were mounted on microscope slides with Immu-Mount
mounting medium (9990402, Epredia). Images of three regions of
interest were obtained on at least 12 consecutive 70-nm-thick se-
rial sections using the nuclei as a guide with a fully automated epi-
fluorescence upright microscope (BX51, Olympus) with a 63x1.2
NA Plan Apochromat objective.

2.4 | Direct STORM Acquisition (dASTORM)
and Image Reconstruction

For image reconstruction using dSTORM, sections 70nm (AT)
and 2um (FFPE) thick were stained as aforementioned using the
same primary and secondary antibodies, Hoechst dye diluted

1:100 (33258, Life Technologies) was used to visualise the nuclei
(Figure 1A), and then, the coverslips were mounted with OXEA
buffer (STORM buffer) [17]. To pinpoint individual fluorophores
within the sample, fluorescent dyes go through a switching cycle,
transitioning between an ‘on’ and ‘off’ state known as ‘blinking’.
During this phenomenon, most dyes remain inactive, whereas a
few of them randomly activate, allowing for their individual iden-
tification. This cyclic process repeats multiple times, enabling
the identification of the emitting fluorophore in each successive
cycle (Figure 1B). STORM images were acquired using a Nikon
N-STORM system configured for total internal reflection fluo-
rescence (TIRF) imaging. Laser inclination was tuned to adjust
focus and maximise the signal-to-noise ratio. AlexaFluor-647 was
excited illuminating the sample with the 647nm (20% of 160 mW)
and AlexaFluor-488 with the 488 (40% of 80mW) laser line built
into the microscope. Fluorescence was collected using a Nikon
100%, 1.49 NA oil immersion objective and passed through a quad-
band pass dichroic filter (97335 Nikon). For each channel, 10,000
frames at 20-ms integration time were acquired. Images were re-
corded onto a 256 X 256-pixel region of a Hamamatsu ORCA Flash
4.0 CMOS camera (0.16-um pixel size). Also, using the 405-nm
laser, a low-resolution image of the nucleus was taken and sub-
sequently utilised for 3D image alignment. STORM images were
analysed with the STORM module of the NIS element Nikon soft-
ware (Figure 1C) [18].

2.5 | Image Analysis

Image analysis for both AT and AT+dSTORM images was per-
formed using Image J (US National Institutes of Health, Bethesda,
Maryland, United States), Matlab software (Mathworks Inc.,
MA, United States) and Python (Centrum voor Wiskunde en
Informatica Amsterdam, the Netherlands). The scripts have been
deposited at https://github.com/MemoryUnitSantPau/Synseg_
py with the names density, distance and shape, and segmentator.
Images from serial sections were stacked, aligned and segmented
using a semiautomated mean local threshold. The nonspecific
staining (not present in at least two consecutive sections) was con-
sidered background and removed. Three-dimensional reconstruc-
tions of representative synapses were generated using the ImageJ
Volume Viewer plug-in with tricubic smooth interpolation. To as-
sess the distance between centroids, first, stacks of protein images
are loaded and processed frame by frame. Each frame undergoes
thresholding to eliminate intensity values below 20% of the maxi-
mum intensity of that frame. Subsequently, the frames are labelled
to extract their properties, utilising the ‘spicy’ and ‘scikit image’
libraries. The detected object's shape is parametrised using ‘diplib’
and ‘cv2’ measurement tools obtaining measurements about the
roundness, circularity and eccentricity, among other characteris-
tic values. The distance between centroids is then computed using
the Pythagorean theorem. Finally, to calculate the synaptic cleft
width, the pixels of both proteins are listed, and for each pair of
points, the distance is calculated, and the minimum is recognised.

2.6 | Statistical Analyses
Statistical analyses were performed in R Version 4.3.1. We

excluded data points from the analysis that exceeded three
times the interquartile range. We evaluated the distribution
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A. TECHNIQUE OVERVIEW
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tissue tissue and nuclei staining microscope
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FIGURE1 | Visual summary of dSTORM imaging. (A) Technique overview showing the three main steps: tissue preparation, immunofluores-

cence of the samples and image acquisition with a two-colour STORM microscope. (B) Schematic representation of the STORM buffer principle and

the stochastic activation of fluorophores. (C) The STORM microscope has a laser unit with four channels, allowing the acquisition of two-colour

images as well as recognition of the nuclei of the field of interest for reconstruction using the STORM module of the NIS element Nikon software for

analysis.

of our data (Shapiro-Wilk, p<0.05) before performing a
Mann-Whitney test to assess the differences between tech-
niques when measuring the object dimension and distance
of the synaptic proteins. To evaluate the contribution of PMI

in the synaptic cleft width, we used a linear regression with
the PMI as a covariate. Differences in area, length and other
measurements of synaptic proteins were evaluated with
Wilcoxon's test.
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3 | Results

3.1 | Enhancement of Lateral Resolution
With dSTORM to Detect Tau Aggregates in
Formalin-Fixed Paraffin-Embedded Brain Samples

To compare the resolution achieved using confocal micros-
copy and dSTORM, we immunostained FFPE samples from
patients with SAD with a phosphorylated tau marker (p-tau,
AT?3) to detect neurofibrillary tangles and tau immunoreactive
neurites. The samples were imaged with confocal microscopy
(Figure S1A) and subsequently with dSTORM, resulting in a
significant improvement in lateral resolution (Figure S1B). This
enhanced resolution revealed the discontinuous nature of tau+
neurites in contrast to the classical continuous appearance ob-
served with conventional microscopy (CM) due to light diffrac-
tion. As the thickness of the FFPE sample is greater than the
diffraction limit of the microscope, resolution along the z axis
is poor in FFPE tissue and degrades faster than on the XY plane
[12]. As a result, it was not possible to visualise the interaction
of tau aggregates with synaptic terminals using either imaging
technique.

3.2 | Enhancement of Lateral Resolution With
dSTORM to Visualise Single Synapses in AT Samples

We next investigated the potential of the combination of
dSTORM with our classical AT protocol [8, 10, 13] to visu-
alise synaptic pairs in human brain samples. As previously
described, we selected 70-nm-thick AT samples from an
HC (frontal cortex) and immunostained them using an an-
tisynaptophysin (SYPH) antibody, as a presynaptic marker,
and anti-PSD95 (PSD) antibody, as a postsynaptic marker
(Figure 2A). Using fluorescence microscopy, synaptic pairs
appear as puncta with a distance between the presynaptic
and postsynaptic centroids within a 0.5-um range [11]. The
resolution obtained with AT allows the 3D reconstruction of
single synapses, which enables the localisation of presynap-
tic and postsynaptic structures separately (Figure 2B) and the
presence of synaptic aggregates [8, 10]. We next performed
the same experimental design combining AT with two-colour
dSTORM. The dSTORM image is the final reconstruction of
10,000 frames per channel. The improved resolution achieved
with AT +dSTORM allowed detailed visualisation of the pre-
synaptic and postsynaptic terminals and the synaptic cleft
(Figure 2C,D). In addition, the combination allows a better
characterisation of the orientation and shape of the synapse.
This result indicates that the combination of AT and dSTORM
offers increased properties for the characterisation of the syn-
apses in the healthy human brain.

3.3 | Assessing Protein-Protein Distances,
Synaptic Cleft Size and Object Dimensions With
AT + dSTORM

The improved lateral resolution of AT +dSTORM allowed a
precise characterisation of the synaptic compartments. This
allowed the quantification of the distances between the pre-
synaptic and postsynaptic structures. We performed image

binarisation with a preestablished threshold (Figure 2E), re-
sulting in increased accuracy for distance calculations. We
analysed over 400 single synapses (200 for each technique)
using frontal cortex AT samples from HC (n =2). We observed
a significant difference in the median distance between cen-
troids when comparing conventional epifluorescence mi-
croscopy with respect to dSTORM (409 +80 vs. 190+ 70 nm,
p<0.01) (Figure 2F). The use of AT + dSTORM revealed that
the area of PSD95 labelling is almost twice as large as that of
SYPH labelling (Figure 2H). Furthermore, using the combi-
nation AT + dSTORM, we quantified the width of the synaptic
cleft, revealing a median value of 64 + 59 nm. This allowed us
to discriminate objects without overlap at a distance as small
as 8nm (Figure 2G). To confirm that the values obtained with
AT-STORM were not influenced by the PMI or the AT proto-
col, we also measured the synaptic cleft in samples obtained
from surgical cortical biopsies (n =2). We did not observe sig-
nificant differences in synaptic cleft distance between post-
mortem AT controls and cortical biopsy samples (Figure S2).
In addition, PMI was added as a covariate in the linear re-
gression model, showing no significant contribution (adj. r:
—1.032; p value: 0.82). This result supports that the PMI does
not affect the measurements of the synapses using AT.

3.4 | AT +dSTORM Detects Oligomeric Tau in
Synapses in AD Brains

We next confirmed our previous result using AT +dSTORM,
showing the presence of tau oligomers at the synapse using
the T22 antibody (Figure 3A) [11]. We expanded the number of
frontal cortex samples of SAD patients to characterise synap-
tic tau aggregates (n=3). We observed that the centroid of the
presynaptic oligomeric tau immunoreactivity was closer to the
centroid of the presynaptic terminal (SYPH) when compared
to the immunoreactivity observed in the postsynaptic density
(PSD95, Figure 3B). Furthermore, we characterised the mor-
phology of the aggregates, their area, eccentricity and length
(Figure 3C-E). Oligomeric tau immunoreactivity was larger
than the synaptic markers (SYPH and PSD95), but there were
no significant differences between them. When evaluating the
eccentricity of the three proteins, both SYPH and T22 were sig-
nificantly more circular than PSD95 (p <0.05). Furthermore,
we measured the length of the major axis of oligomeric tau im-
munoreactivity present in the synapse, and we did not detect
significant differences (median length of 315.27+117.69nm in
the presynaptic compartment and of 332.43+163.59nm in the
postsynaptic compartment). Finally, of a total of 200 tau+ syn-
apses analysed in three SAD cases, tau oligomers were found
more frequently in presynaptic terminals than in postsynaptic
terminals.

4 | Discussion

In this work, we describe the potential of the combination of
AT and two-colour dSTORM to study synaptic tau pathology
in AD brains. Combining these two microscopy techniques, we
achieved nanoscale resolution that allows an optimal visualisa-
tion of single synapses and confirms the presence of oligomeric
forms of tau at synaptic compartments in human brain.
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FIGURE2 | Imagingsingle synapses from human brain. (A) Graphical representation of 70-nm consecutive sections, immunolabelled with anti-
bodies raised against SYPH and PSD95. The production of ultrathin ribbons enables the subsequent reconstruction of the ultrastructure of the brain
tissue. (B, C) Graphical synaptogram comparing the resolution of AT + conventional epifluorescence microscopy (CEM) (B) and AT + dSTORM (C).
(D) dSTORM image of a single synapse as a result of the rendering process. (E) Thresholded image used for measuring the distance between cen-
troids (E1, white diagonal represents 101.84nm) and the width of the synaptic cleft (E2, white line represents 21.5nm). (F) The centroid's distance
obtained with AT samples and conventional epifluorescence microscope and in combination with dSTORM. (G) The median value of synaptic cleft
width using the AT +dSTORM images and the dispersion of the data represented in the boxplot. Each point corresponds to a single synapse. Error
bars indicate medians with standard deviations. **p <0.01. (H) Area quantifications (pixels) of objects using (H1) AT samples with CEM and (H2) AT
with dSTORM. The boxplot represents the distribution of all data points, whereas the statistical analysis was performed on the mean values for each
case, which are displayed as diamonds. Error bars indicate medians with standard deviations.
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FIGURE 3 | Assessment of the presence of oligomeric tau in pre and postsynaptic compartments. (A) Representative images of oligomeric tau
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of the length of the major axis in nanometres of T22 oligomers in the two synaptic compartments. The boxplot represents the distribution of all data
points, whereas the statistical analysis was performed on the mean values for each case, which are displayed as diamonds. Error bars indicate medi-
ans with standard deviations. *p <0.05, **p <0.01.
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dSTORM is an SMLM that consists of photo-switchable fluo-
rescent molecules that stochastically turn on and off within a
diffraction-limited area at different times, preventing their sig-
nals from overlapping significantly. When isolated in space, the
position of each fluorophore can be determined by localising the
centre positions of their signal. dASTORM can currently achieve
a lateral resolution of 10-30nm [19]. dSTORM offers some ad-
vantages over other traditional techniques, such as transmission
electron microscopy, especially in terms of sample preparation
and multiple targets [13].

Several studies have reported the presence of pathological tau at
the synapse in the AD brain [20-25]. Pathological tau at the syn-
apse is believed to contribute to synaptic dysfunction and loss in
AD [26]. In this study, we assessed the presence of synaptic p-
tau aggregates (AT8) in SAD frontal cortex FFPE samples using
dSTORM. The increased lateral resolution revealed a discon-
tinuous nature of tau+ neurites. To investigate the relationship
between synapses and the oligomeric forms of tau in AD, we
next applied the combination of AT and two-colour dASTORM.
Using both techniques, we were able to visualise and identify
with high precision the presynaptic and postsynaptic terminals.
In addition, we were able to visualise the synaptic cleft with a
median width of approximately 64nm, which closely approxi-
mates the range reported by electron microscopy of 20-50nm
[27-30]. This combination also allowed us to observe the orien-
tation in space and the morphology of synaptic terminals. Our
results were also validated in cortical biopsy samples, indicating
that PMI or the AT sample preparation protocol does not affect
synaptic ultrastructure.

There is increasing evidence that oligomeric forms of tau are
one of the early events in AD pathology and the most synap-
totoxic tau species, contributing to synaptic dysfunction and
loss [23, 24, 31-33]. Here, using AT with two-colour dSTORM,
we were able to detect tau oligomers (using T22 antibody) co-
localising with presynaptic and postsynaptic markers (SYPH
and PSD95, respectively) confirming the presence of this patho-
logical form of tau at the synapse. T22 immunoreactivity was
found more frequently in presynaptic terminals in the frontal
cortex, consistent with our previous results in the temporal and
primary visual cortex [11]. Taking advantage of the improved
resolution of AT +dSTORM, we defined the characteristics of
eccentricity and length, with results similar to those seen in pri-
mary cell cultures [34]. Taken together, this study establishes
the combination of AT +dSTORM as an optimal technique to
study synaptic tau aggregates, paving the way for the study of
other proteins that are toxic to the synaptic compartment.

This study has limitations. First, dSSTORM requires long ac-
quisition times and extensive postprocessing. Second, the in-
trinsic composition of the sample tends to distort and blur the
single-molecule emission patterns [35]. To overcome this dis-
tortion, TIRF microscopy is used, wherein the laser is tilted to
an angle at which the sample is illuminated in an exceptionally
thin axial region [36]. This allowed us to obtain an enhanced
spatial resolution. Finally, the study is limited in sample size
due to the scarcity of the AT samples and the findings need to
be replicated in additional cases including different subtypes
of AD.

5 | Conclusions

In this study, we demonstrate that the combination of AT with
two-colour dSTORM offers an improvement of the lateral reso-
lution suitable to investigate synaptic pathology in the human
AD brain. These novel techniques offer valuable information for
the study of intact human synapses and provide insight into the
relevance of synaptic pathology in AD.
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