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Abstract

Connectomics is a nascent neuroscience field to map and analyze neuronal networks. It provides
a new way to investigate abnormalities in brain tissue, including in models of Alzheimer's disease (AD).
This age-related disease is associated with alterations in amyloid-g (ApR) and phosphorylated tau (pTau).
These alterations correlate with AD's clinical manifestations, but causal links remain unclear. Therefore,
studying these molecular alterations within the context of the local neuronal and glial milieu may provide
insight into disease mechanisms. Volume electron microscopy (VEM) is an ideal tool for performing
connectomics studies at the ultrastructural level, but localizing specific biomolecules within large-volume
VEM data has been challenging. Here we report a volumetric correlated light and electron microscopy
(vCLEM) approach using fluorescent nanobodies as immuno-probes to localize Alzheimer’s disease-
related molecules in a large VEM volume. Three molecules (pTau, AB, and a marker for activated
microglia (CD11b)) were labeled without the need for detergents by three nanobody probes in a sample
of the hippocampus of the 3xTg Alzheimer’s disease model mouse. Confocal microscopy followed by
VEM imaging of the same sample allowed for registration of the location of the molecules within the
volume. This dataset revealed several ultrastructural abnormalities regarding the localizations of AR and
pTau in novel locations. For example, two pTau-positive post-synaptic spine-like protrusions innervated
by axon terminals were found projecting from the axon initial segment of a pyramidal cell. Three
pyramidal neurons with intracellular Ap or pTau were 3D reconstructed. Automatic synapse detection,
which is necessary for connectomics analysis, revealed the changes in density and volume of synapse at
different distances from an AB plaque. This VCLEM approach is useful to uncover molecular alterations
within large-scale volume electron microscopy data, opening a new connectomics pathway to study

Alzheimer’s disease and other types of dementia.
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Introduction

Connectomics is a branch of neuroscience that uses high-throughput computer-assisted imaging
and analysis to structurally map complete neuronal networks in selected organisms (Lichtman & Sanes,
2008). The hope is that this analysis ultimately will provide insights into how neural circuits function or
dysfunction in healthy or disordered human brains. This approach is already being used in human tissue
(Loomba et al., 2022; Shapson-Coe et al., 2021). A recent human connectomic dataset acquired with
automated image acquisition and machine learning computation of a 1 mm?® provided the structure and
connectivity of 20,000 neurons and 160 million synapses (Shapson-Coe et al., 2021). Because the
cognitive impairments of Alzheimer’s disease (AD) are related to abnormalities in neural networks (Yu et
al., 2021), connectomics may also provide a pathway to study this disorder within the detailed context of
neuronal connectivity at the level of individual synapses.

Electron microscopy is a powerful modality to map the ultrastructure of synaptic connections
owing to its nanometer level resolution and the non-specific staining of lipid bilayers by heavy metals
(Hayat, 2000). Early studies using transmission electron microscopy (TEM) on single ultrathin sections of
samples obtained from patients with Alzheimer’s disease showed a decline of synapse density (DeKosky
& Scheff, 1990; S. W. Scheff et al., 1990; S. W. Scheff & Price, 1993; Stephen W. Scheff & Price, 2006;
Stephen W. Scheff et al., 2006). However, because synapses are 3D structures, volume electron
microscopy (VEM) techniques such as serial block-face electron microscopy (SB-SEM) (Denk &
Horstmann, 2004), focused ion beam-scanning electron microscopy (FIB-SEM) (Knott et al., 2008),
transmission electron microscope camera array (TEMCA) (Lee et al., 2016) and automated tape-
collecting ultramicrotome-electron microscopy (ATUM-EM) (Hayworth et al., 2006; Kasthuri et al., 2015;
Shapson-Coe et al., 2021) have become the most widely used tools to generate connectomic datasets.
Several studies using FIB-SEM were performed on AD patients’ samples and provided information on the
number, density, 3D morphology, and organization of synapses (Blazquez-Llorca et al., 2013;
Dominguez-Alvaro et al., 2018; Montero-Crespo et al., 2021). The number of synapses showed a
decrease, with altered synapse morphology in AD hippocampi (Montero-Crespo et al., 2021). However,
due to the limited volume size (usually around 10 pm in x, y, and z) of FIB-SEM data, it was difficult with

this method to survey larger volumes that contain full views of neurons. ATUM SEM and TEM have the
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capacity to generate large volumes up to a cubic millimeter (MICrONS Consortium et al., 2021; Shapson-
Coe et al., 2021) that contain thousands of neurons. A hybrid method named ATUM-FIB was created to
provide large-scale context information for local high-resolution FIB volumes and applied on samples from
the AD mouse model 5xFAD (Kislinger et al., 2020). Several small-volume (the largest being ~45,000
cubic microns) ATUM-SEM datasets have been generated from Alzheimer’s disease rat models (Jiang et
al., 2022; Pang et al., 2022), but currently there are no larger vEM volumes (i.e. millions of cubic microns)
to provide larger-scale connectomic datasets from either Alzheimer’s disease animal models or patients.
In addition to alterations in neuronal connectivity, Alzheimer’s disease is associated with the
presence of proteinopathies. Two hallmark protein alterations are AR and pTau abnormal accumulation in
brain parenchyma. The proteolytic cleavage of amyloid precursor protein (APP) produces a variety of AR
molecules, mainly the 40-amino acid molecule AB4 and the 42-amino acid molecule A4, (G.-F. Chen et
al., 2017; Taylor et al., 2002). AR molecules exists in various forms (monomer, oligomer, protofibrillar and
fibrillar) (G.-F. Chen et al., 2017). Extracellular AB can aggregate into dense-core or diffusive plaques that
can be identified by EM (Blazquez-Llorca et al., 2013). AR can also exist intracellularly, which may be
more neurotoxic than extracellular plagues (Gouras et al., 2010; LaFerla et al., 2007). Tau is one of the
microtubule-associated proteins (MAPS) that stabilizes microtubules in neurons (Mandelkow &
Mandelkow, 1998). Tau is a phosphorylated protein with 85 potential phosphorylation sites on serine,
threonine and tyrosine residues (Noble et al., 2013). Under normal conditions, phosphorylation is
regulated and affects tau’s functions such as its microtubule-binding properties (Mandelkow &
Mandelkow, 1998; Noble et al., 2013). Under pathological conditions like AD, tau proteins are
hyperphosphorylated (pTau), which causes them to dissociate from microtubules and form aggregates
(Mandelkow & Mandelkow, 1998; Noble et al., 2013). pTau can form two forms of neurofibrillary tangles
(straight or paired helical filaments) identifiable by TEM (Crowther, 1991). pTau localizes to the
cytoplasm, dendrites, and axons, and shows more neurotoxicity in the soluble forms compared to
aggregates (Noble et al., 2013). In addition to AR and pTau, a-synuclein (Twohig & Nielsen, 2019) and
TDP-43 (transactive response DNA-binding protein of 42 kDa) (Wilson et al., 2011) can also form
pathological aggregates in AD. Moreover, recent proteomics studies (Johnson et al., 2022, 2020) have

identified multiple protein networks that involve metabolism and activation of glial components that were
4
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significantly altered in Alzheimer’s disease. On the other hand, recent transcriptomic studies showed
alterations in pathways related to neural communication, A clearance (Magistri et al., 2015), and cell-
specific stress responses (Mathys et al., 2019). However, currently the causal links between these
abnormal proteins or the proteomic and transcriptomic alterations and the manifestation of Alzheimer’s
disease is circumstantial. One problem is that these molecular alterations have rarely been investigated
within the context of the actual neuronal network.

Thus, there is a need for new techniques to localize abnormal proteins or the alterations
discovered by proteomic and transcriptomic studies in large-volume electron microscopy studies. Such
techniques could pinpoint abnormalities in neuronal networks in Alzheimer’s disease and link them to the
sites of specific biomolecular (protein or RNA) alterations. However, localization of specific biomolecular
features with vEM is challenging. Ultrastructure of synapses in EM micrographs largely rely on intact lipid
bilayers. But proteins or mRNAs detection methods like immunofluorescence (Im et al., 2019) and
fluorescence in-situ hybridization (Volpi & Bridger, 2008) require the use of detergents (Triton 100-X or
Tween 20) that degrade lipid bilayers and degrade ultrastructure of the sample (see below), so VEM
carried out subsequently on the same sample suffers from low image quality. To circumvent this
challenge, our lab developed a volumetric correlated light and electron microscopy (vVCLEM) technology
that uses nanobody-assisted, detergent-free immunofluorescence to localize multiple proteins in large
ATUM-SEM volumes (Fang et al., 2018). By virtue of their small size (only 1/10 the size of a full-length
IgG antibody. See Figure 1 a), nanobodies can be used to label proteins without the need for detergents,
so that the ultrastructure of the sample can be preserved (compare Figure 1 b and ¢). ATUM-SEM can be
performed on the same sample to allow superimposition of multi-protein information onto EM
micrographs. Three fluorescent nanobody probes for GFAP (astrocyte marker), CD11b (activated
microglia marker), and Ly-6C/6G (blood vessel marker) were developed in the study (Fang et al., 2018).
This approach should lend itself to further expansion and enable application to the localization of
additional Alzheimer’s disease related molecules in large-volume connectomic datasets. Proteomic,
transcriptomic and connectomic datasets in one and the same sample might thus be bridged.

In this study, we generated two new fluorescent nanobody probes targeting Ap and pTau

respectively. We show that these probes are effective for detergent-free immunofluorescence. We used
5
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these two probes, along with other probes that target the microglia marker CD11b, the astrocyte marker
GFAP, and the blood vessel marker Ly-6C/6G to label brain tissue samples from the hippocampal CA1
region of an Alzheimer’s disease model mouse. We then generated a large-volume vCLEM dataset from
one of the labeled samples that retains pristine ultrastructure. With this dataset, we were able to localize
extracellular AR plaques, intraneuronal AB, intracellular pTau at various novel locations, and perform
connectomic analysis such as 3D reconstruction of neurons and automatic synapse detection. This new
approach will be useful for linking Alzheimer’s disease related molecular abnormalities identified by other

omics approaches to connectomics abnormalities in the same sample.

Results

Generation of fluorescent nanobody probes for pTau and A

To test the hypothesis that detergent-free immunolabeling by nanobodies could reveal AD-related
molecules in an mouse model of AD, we produced a nanobody (also known as A2) specific for tau protein
phosphorylated at multiple sites including S422, the most commonly phosphorylated abnormal site and a
nanobody (also known as R3VQ) specific for AB40/42, both of which were generated in a previous study
(Lafaye et al., 2019, 2020; T. Li et al., 2016) for in vivo imaging in AD mouse models. We used a
eukaryotic expression system (Expi 293 cells) to express these nanobodies. We added signal peptides to
their N'-terminus so that they would be secreted by Expi 293 cells to the culture media for easier
purification. We also added sortase tags to their C'-terminus for fluorescent dye conjugation. We purified
nanobodies from the culture media by affinity chromatography. Our yields of nanobodies were around 5
mg/ml culture media. We used the sortase reaction (see Material and methods) to add several different
fluorescent dyes (5-TAMRA, Alexa Fluor 594, or Alexa Fluor 647) (see Table 1) to the purified
nanobodies to obtain the corresponding fluorescent probes.

We tested two red fluorescent (5-TAMRA-conjugated) nanobodies A2 and R3VQ with our
detergent-free immunofluorescence protocol (see Material and methods) that preserves fine ultrastructure
(Figure 1 c) on tissue sections from the hippocampus CA1 region of 3xTg mice. This AD mouse model
presents with neurofibrillary tangles formed by pTau, AR extracellular plaques and intraneuronal AR

deposits (Oddo et al., 2003).The A2 probe labeled neurofibrillary tangle (NFT)-like structures in the cell
6
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bodies and dendrites of certain neurons (Figure 1 d-1, d-2) and the dystrophic neurites nearby plaque
material (Figure 1 e-1, e-2). The R3VQ probe labeled extracellular plaque material (Figure 1 f-1, f-2) and
the cell bodies of certain neurons (Figure 1 g-1, g-2). In both samples, we found that the nuclear dye
Hoechst 33342 labeled extracellular plague materials as reported before (asterisks in Figure 1 e-2, f-2)
(Uchida & Takahashi, 2008). Double immunofluorescence performed on sections from the same region
using A2 and the commonly used anti-pTau mAb AT8, or using R3VQ and the commonly used anti-AB
mAb 4G8 showed colocalization of signals (Sup. Figure a-1 to a-3, b-1 to b-3). No labeling of A2 or R3VQ
was observed on sections from the same region of age-matched control animals (Sup. Figure 1 c to f).
Therefore, we believe that the fluorescent conjugated A2 and R3VQ can be used as immunolabeling

probes for AR and pTau for detergent-free immunofluorescence.

a
Conventional antibody Camelid
150 kDa heavy-chain
antibody
VH
VL
Nanobody
2w h ) 15 kDa
VHH

Figure 1. Characterization of fluorescent nanobody probes for pTau and AB.

a, Schematic representations of a full-length 1gG antibody, a camelid antibody, and a nanobody probe
with a conjugated fluorescent dye. b-c, Comparison of ultrastructure between a sample (b) treated by

7
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Triton X-100 and a sample (c) labeled by nanobody probes, untreated with Triton X-100. Red arrow in ¢
indicates a synapse. d-1 to e-2, Confocal images from the hippocampus of a 3xTg mouse labeled with a
pTau-specific nanobody probe (A2) conjugated with the red dye 5-TAMRA. Arrows in d-1 and d-2 show
the labeled neuronal cell body. Arrowheads in d-1 and d-2 show the labeled apical dendrite. Arrows in e-1
and e-2 show the labeled neurites. Asterisks in e-2 show the plague material labeled by Hoechst. f-1 to g-
2, Confocal images from the hippocampus of a 3xTg mouse labeled with an AB-specific nanobody probe
(R3VQ) conjugated with the red dye 5-TAMRA. Asterisks in f-1 and f-2 show the labeled plague material.
Asterisks in g-1 and g-2 show the labeled neuronal cell bodies. Arrows in g-1 and g-2 show the
autofluorescent lipofuscin.

Table 1. Fluorescent nanobody immuno-probes generated in this work.

Target Clone No. Source Fluorescent dyes conjugated
pTau A2 (T.Lietal, 2016) 5-TAMRA, Alexa Fluor 594, Alexa Fluor 647
AR 40/42 R3VQ (T.Lietal, 2016) 5-TAMRA, Alexa Fluor 647

Localization of multiple AD-related molecules with fluorescent nanobody probes

Three fluorescent nanobody probes were developed (Fang et al., 2018) targeting three AD
related molecules: CD11b, a membrane protein expressed at high level by activated microglia in AD;
GFAP, glial fibrillary acidic protein, an intracellular protein expressed at high level by activated astrocytes
in AD; Ly-6C/6G, a lymphocyte antigen expressed by endothelial cells of blood vessels, which can be
used to detect vascular abnormalities in AD. We proceeded to test if we could combine the new probes
for pTau and AB with these three nanobody probes to achieve multi-color labeling with our detergent-free
immunofluorescence protocol.

We used three fluorescent nanobody probes (anti-CD11b-Alexa Fluor 488, anti-pTau-5-TAMRA
or A2, and anti-AB40/42-Alexa Fluor 647 or R3VQ) to simultaneously label two 120-um thick coronal
sections at Bregma -3.78 mm and -3.28 mm in the absence of detergent (Figure 2 a, b; see Sup. Figure 2
for the anatomical details of the labeled sections) of a one-year-old female 3xTg mouse. We acquired a
four-color fluorescence image stack of 57 um (Figure 2 a) from the first section and a 21-um stack from
the second section (Figure 2 b; see Sup. Figure 2 for the anatomical details of the imaged regions of
interest) in the stratum pyramidale of the hippocampal CA1 region.

Because the red fluorescence signal from the anti-pTau probe was far stronger than the green

signal from the anti-CD11b probe, we saw crosstalk in the green channel. This meant that in the overlay,
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the pTau label appears yellow whereas the microglia appear green but the two labels were nonetheless
unambiguous. Another issue was that aged mice have lipofuscin (Figure 2 c, d) particles in cell bodies of
neurons and glia. This non-specific fluorescence localized to inclusion bodies that were easily
differentiated from the membrane labeling of microglia.

In both image stacks, NFT-like structures in the cell bodies and dendrites of certain pyramidal
neurons and some dystrophic neurites were labeled by the anti-pTau probe (yellow signals in Figure 2 c,
d); intraneuronal AB of certain pyramidal neurons were labeled by the anti-AB probe (magenta signals in
Figure 2 c, d); activated microglia were labeled by the anti-CD11b probe (green signals in Figure 2 c, d).
We noted that these labeled structures/cells were more abundant, and the labeled apical dendrites
appeared to be more tortuous in the image stack acquired from the Bregma -3.78 mm section (Figure 2 c,
d). Only in the first image stack (Figure 2 a, c) acquired from this section did we find five extracellular AR
plaques labeled by the anti-Ap 40/42 probe (magenta signals in Figure 2 a, ¢). These findings are
consistent with the fact that the pathologies of neurofibrillary tangles and AB plaques progress from

caudal to rostral in the hippocampus in the 3xTg mice (Belfiore et al., 2019).
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Figure 2. Four-color detergent-free immunofluorescence enabled by nanobody probes.

Maximum intensity projection of the multi-color fluorescence image stacks acquired from the
hippocampus at the Bregma -3.78 mm (@) or the Bregma -3.28 mm (b) of a 3xTg mouse labeled with a
CD11b-specific nanobody probe conjugated with Alexa Fluor 488, a pTau-specific nanobody probe
conjugated with 5-TAMRA, and an Ap-specific nanobody probe conjugated with Alexa Fluor 647. Red
boxes in the coronal section illustrations show where the image stacks were acquired. The stratum
pyramidale of the hippocampal CA1 region is labeled in blue in the illustrations. c-d, enlarged boxed
insets from a-b.

We also acquired a five-color fluorescence image stack of 23 uym (Figure 3) in the same region

from a 120-pm thick coronal section at Bregma -3.78 mm of another one-year-old female 3xTg mouse.

This section was simultaneously labeled by four fluorescent nanobody probes (anti-CD11b-Alexa Fluor
10
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488, anti-GFAP-5-TAMRA, anti-pTau-Alexa Fluor 594 or A2, and anti-Ly-6C/6G-Alexa Fluor 647) without
the usage of detergent. We found numerous activated astrocytes labeled by the anti-GFAP nanobody
probe nearby extracellular plaque material and neurons/neurites that have pTau (yellow signals in Figure
3 a, b). Interestingly, we found that in addition to labeling blood vessels, the anti-Ly-6C/6G probe also
labeled some but not all plaque material (arrows in Figure 3 d) surrounded by activated microglia labeled

by the anti-CD11b probe (green signals in Figure 3 d).

Figure 3. Five-color detergent-free immunofluorescence enabled by nanobody probes.
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a, Maximum intensity projection of the multi-color fluorescence image stacks acquired from the
hippocampus of a 3xTg mouse labeled with a CD11b-specific nanobody probe conjugated with Alexa
Fluor 488, a GFAP-specific nanobody probe conjugated with 5-TAMRA, a pTau-specific nanobody probe
conjugated with Alexa Fluor 594, and a Ly-6C/6G-specific nanobody probe conjugated with Alexa Fluor
647. The signal of each fluorescent dye was pseudo-colored for better visualization. b-d, Three-channel
maximum intensity projection images of the multi-color fluorescence image stack. Arrows in d show the
labeled plague material by the anti-Ly-6C/6G nanobody probe. Arrowheads in d show the labeled blood
vessels by the anti-Ly-6C/6G nanobody probe. Asterisks in d show the crosstalk signals from the anti-
pTau labeling.

Multi-color, large-scale vCLEM reveals ultrastructural abnormalities labeled by nanobody probes
After confocal imaging, the section in Figure 2 a was stained with heavy metals, embedded in
resin, and imaged by X-ray CT (microCT). The image volume acquired by microCT showed regions with
AB plaques and neuronal degeneration (Sup. Figure 3) as reported before (Barbone et al., 2022). After X-
ray scanning, the sample was sectioned into serial 30-nm ultrathin sections by ATUM and imaged by
scanning electron microscopy (see Materials and methods). We used a multi-beam scanning electron
microscope to acquire a high-resolution image volume of 245 ym x 238 ym x 23 ym at a resolution of 4
nm x 4 nm x 30 nm (Figure 4 a). As far as we know, it is the largest VEM volume ever acquired from an
AD mouse model. The ultrastructure was well preserved throughout the image volume (Figure 4 b), which

enabled the identification of synapses (Figure 4 b, red arrow).
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Figure 4. Four-color VCLEM enabled identification of ultrastructural abnormalities related to the
nanobody labeling.

a, The high-resolution vEM volume acquired from the hippocampus CA1 region with four-color
immunofluorescence from nanobody probes. The four-color fluorescence data was co-registered with the
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high-resolution VEM data. b, the preserved ultrastructure from this VEM volume. Red arrow shows a
synapse. ¢, Demonstration of the overlay between fluorescence signals and EM ultrastructure. The red
asterisk indicates the cell body of a pyramidal neuron labeled by the anti-pTau nanobody. The red arrow
indicates the dystrophic neurite labeled by the anti-pTau nanobody. The magenta arrow indicates the
plague material labeled by the anti-AB nanobody. The magenta asterisk indicates the cell body of a
pyramidal neuron labeled by the anti-ApB nanobody. The green asterisk indicates the microglia labeled by
the anti-CD11b nanobody.

A high-precision co-registration between the fluorescence image stack and the high-resolution
EM image volume was based on finding corresponding sites (blood vessels, cell nuclei) in the two
volumes. We used the FIJI/ImageJd plugin BigWarp (Bogovic et al., 2016) performed a 3D transformation
of the fluorescence stack via thin plate spline interpolation to register the volumes. The transformed
fluorescence volume overlain onto 1/3 of the high-resolution EM volume is shown in Figure 4 a. We
localized the fluorescence signals from each molecular marker to the EM ultrastructure (Figure 4 c).
Figure 4 c shows a region of interest on one slice in which pTau (yellow) overlaps with the cell body of a
pyramidal neuron and a dystrophic neurite, AB (magenta) overlaps with an AR plaque and the cell body of
another pyramidal neuron, and CD11b (green) overlaps with a microglial cell. This region is the same as
what is shown in Figure 2 c. We ingested this vVCLEM dataset into Neuroglancer. Users can visualize
each fluorescence channel and the EM channel separately or simultaneously, and navigate through slices
at different resolution levels. Any researchers can access this dataset in Neuroglancer by this link.

We proceeded to analyze the sites labeled with each of the three molecular markers (pTau, AR,
CD11b) in this vCLEM dataset.

pTau: We found NFT-like structures from the labeling of the anti-pTau nanobody localized within
cell bodies of seven pyramidal neurons and one glial cell (red fluorescence, see Figure 5 a-1 to d-2 for
four examples) among the ~100 neuronal and glial cells in the volume where the fluorescence signals
were co-registered. Two of the pyramidal cells also showed intraneuronal A (magenta fluorescence, see
Figure 5 d-2 for one example). Only one of the seven pTau positive pyramidal cells (which incidentally did
not show intraneuronal AB), showed pathological straight filament-like structures (Figure 5 a-1, a-2; Sup.
Figure 4 a), which is one of the ultrastructural representations of neurofibrillary tangles (Crowther, 1991).

The other pTau positive pyramidal cells showed short filament-like structures in their cell bodies (Figure 5

b-2, c-2). We suspect that these are not pathological because in other pyramidal neurons free of pTau

14


https://doi.org/10.1101/2023.10.24.563674

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563674; this version posted October 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

labeling, similar structures were seen (Sup. Figure 4 c-1, c-2). Two pyramidal neurons that were both
pTau and AR positive (see Figure 5 d-1, d-2 for one example) had the same morphological features as
neurons that only had intraneuronal AB (see below). We also found NFT-like structures localized in
dendrites that were either straight or tortuous (Figure 5 e-1 to f-2). Again, we did not find specific
ultrastructural representations of the neurofibrillary tangle structures in these dendrites despite them
being pTau positive (Sup. Figure 4 d-1, d-2). We examined a total of three axons (two originating from
pTau positive pyramidal cells in the volume). One of these possessed two pTau positive bleb-like
structures each filled with straight filaments (see Figure 5 g-1, g-2; see Sup. Figure 4 for one of them);
another axon had an enlarged pTau positive swelling filled with lipofuscin granules (Figure 5 h-1, h-2);
and one terminated in a large pTau positive bleb-like structure filled with degenerating organelles
emerging from a myelinated axon (Figure 5 i-1, i-2) as has been seen previously (Gowrishankar et al.,
2015). The labeled glial cell had glial inclusions known as “coiled bodies” (Ferrer et al., 2014; T. Li et al.,
2016) which were specifically labeled by the anti-pTau probe (Figure 5 j-1, j-2). Based on the fact that we
did not find the typical ultrastructural representations at all sites that had pTau, we believe that some
types of NFT-like structures or pTau aggregates do not have observable ultrastructural representations.
This shows that it is necessary to rely on labeling techniques such as ours to detect neurons that harbor

these structures in EM micrographs.
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Figure 5. Ultrastructural abnormalities related to the anti-pTau nanobody labeling.

a-1, red fluorescence from the anti-pTau nanobody overlaps with the cell body of a pyramidal neuron. a-2,
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enlarged inset from a-1. Red arrow indicates the straight filament-like structure. b-1 and c-1, red
fluorescence from the anti-pTau nanobody overlaps with the cell bodies of two pyramidal neurons. b-2
and c-2, enlarged insets from b-1 and c-1. Red arrows indicate the short filament-like structures that were
also seen in neurons that were not labeled by the anti-pTau nanobody (see Sup. Figure 4 c¢-1, c-2). d-1
and d-2, the pyramidal neuron that was labeled by both the anti-pTau nanobody (red fluorescence in d-1)
and the anti-AB nanobody (magenta fluorescence in d-2). e-1 and f-1, red fluorescence from the anti-
pTau nanobody overlaps with a straight apical dendrite and a tortuous apical dendrite of two pyramidal
neurons. e-2 and f-2, enlarged insets from e-1 and f-1. The red arrow in e-2 indicates the short filament-
like structure that was also seen in apical dendrite that was not labeled by the anti-pTau nanobody (see
Sup. Figure 4 d-1, d-2). g-1, red fluorescence from the anti-pTau nanobody overlaps with a bleb-structure
connected to an axon. g-2, enlarged inset from g-1. Red arrow indicates the straight filament-like
structure. h-1, red fluorescence from the anti-pTau nanobody overlaps with an enlarged swelling of an
axon filled with lipofuscin granules. h-2, enlarged inset from h-1. Asterisk shows the lipofuscin granules. i-
1, red fluorescence from the anti-pTau nanobody overlaps with a bleb-like structure that emerged from a
myelinated axon. This bleb was filled with degenerating organelles. Blue arrow indicates the end of the
myelination. i-2, enlarged inset from showing the degenerating organelles. j-1 and j-2, red fluorescence
from the anti-pTau nanobody overlaps with a glial cell that had coiled bodies (red fluorescence in j-1).

AB: We found extracellular A plaque structures from the labeling of the anti-Ap nanobody
(magenta fluorescence in Figure 6) localized within five separate spots of plaque material (see Figure 6 a-
1 to b-2 for two examples) which showed the typical ultrastructure of dense-cored plaques (Blazquez-
Llorca et al., 2013). These plaques had dense cores of AR deposits in the center, AB fibrils, glial
processes and dystrophic neurites surrounding them. Intraneuronal AB localized within neurons that had
very tortuous apical dendrites, shrunken cell bodies, dark osmiophilic cytoplasm and degenerating

organelles (Figure 6 c-1 to d-2). These neurons with intraneuronal AB appeared to be more abnormal

than neurons that only had pTau.
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Microglia
process

Figure 6. Ultrastructural abnormalities related to the anti-Af nanobody.

a-1, magenta fluorescence from the anti-AB nanobody overlaps with plaque material. a-2, enlarged inset
from a-1. b-1, magenta fluorescence from the anti-Ap nanobody overlaps with another plaque material. b-
2, enlarged inset from b-1. c-1, magenta fluorescence from the anti-AB nanobody overlaps with the cell
body of a pyramidal neuron. c-2, enlarged inset from c-1 showing the degenerating organelles in this
neuron. d-1, magenta fluorescence from the anti-Ap nanobody overlaps with the cell body of another
pyramidal neuron. d-2, enlarged inset from d-1 showing the dilated endoplasmic reticula in this neuron.
CD11b: This molecule is a component of the phagocytic receptor CR3, which localizes to the cell
membrane of activated microglia (Bisht et al., 2016). These microglia were named “dark microglia” in a
previous electron microscopy study owing to their condensed, electron-dense cytoplasm and
nucleoplasm (Bisht et al., 2016). In our vCLEM dataset, we identified 10 microglia (see Figure 7 for five
examples) based on the labeling with the anti-CD11b nanobody (green fluorescence in Figure 7). Among
them, five were associated with AB plaques (Figure 7 a-1, c-3, ¢c-4), extending ramified processes to
encircle and perhaps phagocytose plaque material (Figure 7 b); four however were associated with
dystrophic neurites where there was no AB plaque (Figure 7 c-1); one was adjacent to a neuron that had
intraneuronal AB (Figure 7 c-2). These microglia appeared stressed: they had a large amount of lipofuscin

granules, osmiophilic cytoplasm, altered mitochondria, condensed nucleoplasm, and dilated endoplasmic

reticulum (Figure 7 a-2, a-3), as previously described (Bisht et al., 2016).
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Figure 7. Ultrastructural abnormalities related to the anti-CD11b nanobody.

a-1, green fluorescence from the anti-CD11b nanobody overlaps with a microglial cell. a-2, the nucleus of
the microglial cell in a-1. Asterisk indicates the condensed nucleoplasm. a-3, enlarged inset from a-1.
Asterisk indicates the altered mitochondria. b, green fluorescence from the anti-CD11b nanobody
overlaps with the glial processes encircling plaque material, which shows overlapped magenta
fluorescence from the anti-A nanobody. c-1, green fluorescence from the anti-CD11b nanobody
overlaps with a microglial cell nearby dystrophic neurites (asterisks). c-2, green fluorescence from the
anti-CD11b nanobody overlaps with a microglial cell next to a pyramidal neuron (the same neuron in
Figure 6 c-1). ¢c-3 and c-4, green fluorescence from the anti-CD11b nanobody overlaps with two
microglial cells nearby plaque material, which shows overlapped magenta fluorescence from the anti-Ap
nanobody.

19


https://doi.org/10.1101/2023.10.24.563674

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563674; this version posted October 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

3D reconstructions of neurons with intraneuronal A or pTau show morphological abnormalities

In order to carry out connectomic study on large VEM datasets, it was necessary to segment the
image data automatically to make analysis more efficient. We used a flood-filling network (FFN) (Michat
Januszewski et al., 2018) pretrained on the HO1 dataset (Shapson-Coe et al., 2021) without additional
new ground truth from this AD data. The direct application of the pre-trained FFN to this dataset was
sufficiently good to segment neuronal cell bodies and dendrites but failed to segment axonal and glial
processes. Therefore we used Segmentation Enhanced CycleGAN (Michal Januszewski & Jain, 2019) to
modify the visual appearance of this dataset to the HO1 dataset and then applied the pre-trained FFN,
which improved the segmentation of axonal and glial processes.

Unlike previously described FIB-SEM/ATUM-SEM datasets acquired from AD tissue samples
(Blazquez-Llorca et al., 2013; Dominguez-Alvaro et al., 2018; Jiang et al., 2022; Montero-Crespo et al.,
2021; Pang et al., 2022) that only allowed 3D reconstruction of synapses or small segments of dendrites
and axons, this dataset has much larger dimensions, making it possible to 3D reconstruct neurons more
completely. Using the automatic segmentation followed by manual proofreading, a pyramidal neuron with
intraneuronal AB (Figure 6 c-1) and two pyramidal neurons with intraneuronal pTau (Figure 5 b-1, c-1)
were reconstructed.

The cell body of neuron 1 with intraneuronal AB labeling appeared abnormal as if it were in the
process of degenerating (Figure 6 c-1, ¢-2). A microglial cell was immediately adjacent raising the
possibility that the neuron would soon be phagocytosed (Figure 7 c-2). Surprisingly, this neuron still
retained multiple spiny dendrites (Figure 8 a, inset 1) and its axon projected normally for ~100 ym without
myelin and then showed normal myelination (Figure 8 a). Neuron 2 showed intraneuronal pTau labeling in
its soma (Figure 5 b-1, b-2). Nonetheless it also had multiple normal looking spiny dendrites (Figure 8 a,
inset 2). This neuron’s axon ran normally ~80 pym before becoming myelinated (Figure 8 a). As was the
case for the other two neurons, there were several spine-like structures innervated by vesicle-filled axonal
profiles (Figure 8b) along this neuron’s axon initial segment (AlS). This AIS also had an abnormally
enlarged swelling that was positive for anti-pTau nanobody labeling. This swelling was filled with
lipofuscin granules (see Figure 5 h-1, h-2). The third neuron (Neuron 3) with intraneuronal pTau labeling

was (Figure 5 c¢-1, c-2) was located such that its soma was adjacent to an AB plaque (Figure 8 a). This
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neuron also possessed multiple normal looking spiny dendrites (Figure 8 a inset 3) and a normal axon
that ran ~60 um before becoming myelinated (Figure 8 a). Two spine-like swollen protrusions emerged
from its AIS via narrow stalks (Figure 8 a box c, d-1, d-2; Figure 8 c). Each of these was filled with straight
filaments, similar to those described above (Figure 8 d-1, d-2; also see Figure 5 g-1, g-2 and Sup. Figure
4 b). We suspect that these objects are abnormally enlarged postsynaptic spine heads because they

were innervated by vesicle-filled axonal profiles (Figure 8 e-1, e-2).
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Figure 8. 3D reconstruction of a neuron with intracellular AB and a neuron with intracellular NFT-
like structure.

a, 3D reconstruction of three pyramidal neurons. The insets pointing to the cell bodies show the labeling
22


https://doi.org/10.1101/2023.10.24.563674

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563674; this version posted October 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

of Ap or pTau by nanobody probes. Insets 1 to 3 show segments of spiny dendrites of Neuron 1to 3. b
shows the AIS of Neuron 2 as labeled in a. White arrow, the swelling filled with pTau. White arrow heads,
spines on AlIS. ¢ shows the AIS of Neuron 3 as labeled in a. White arrows, two pTau positive blebs
connected to the AIS. White arrows, thin stalks connecting the blebs to the AIS. d-1 and d-2, 2D
segmentations of the two pTau positive blebs filled with straight filaments. e-1 and e-2 show that each of
the blebs was adjacent to an axon profile filled with synaptic vesicles.

Machine-learning-based synapse detection reveals alterations in synapse density and size near a
AB plaque

In addition to pathologies like AB plagues and NFT, numerous studies (Blazquez-Llorca et al.,
2013; DeKosky & Scheff, 1990; Dominguez-Alvaro et al., 2018; Montero-Crespo et al., 2021; S. W.
Scheff et al., 1990; S. W. Scheff & Price, 1993; Stephen W. Scheff & Price, 2006; Stephen W. Scheff et
al., 2006) have suggested synaptic alterations in AD. Indeed cognitive decline in Alzheimer’s disease
appears to correlate with a decline in synapse density (DeKosky & Scheff, 1990; Harbaugh et al., 1989).
This vCLEM dataset has the necessary resolution to locate and analyze synapses ultrastructurally (Figure
1 c and Figure 4 b). Although manual annotation to analyze synapses is straightforward, it is not ideal for
analysis of their density as a function of proximity to a plaque, given their large number. We thus used
machine-learning-based automated synapse detection (Buhmann et al., 2021; Cicek et al., 2016; Lin et
al., 2021; Parag et al., 2019; Santurkar et al., 2017; Staffler et al., 2017; Su et al., 2023), which has been
performed on large-scale connectomics datasets (Scheffer et al., 2020; Shapson-Coe et al., 2021; Turner
et al., 2022) and proved to be time-efficient, unbiased and accurate.

Using a U-Net classifier (Cicek et al., 2016) that was trained on a human cortex vVEM dataset, we
identified many of the synapses in the vCLEM dataset (Figure 9 a). However, there were undetected
synapses (i.e., false negatives, Figure 9 a, arrows) and there were false positive detections inside
neuronal processes (Figure 9 a, arrowheads). To help solve these problems we carried out automatic 2D
cell membrane detection with mEMbrain (Pavarino et al., 2023) (Figure 9 b) and then dilated the detected
cell membranes as a filter to only keep the synaptic detections that were associated with the neuronal
membranes. This strategy proved effective in eliminating most false positive detections (compare Figure 9
a and c). We applied the filtering method in a box with the dimensions of 90 um x 90 um x 6 um near an
AB plaque. The 3D rendering of the detected synapses (Figure 9 d and e) permits synapse detection on a

large scale of hundreds of micrometers but still leaves a number of synapses undetected.
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Figure 9. Synapse detection results using a U-Net classifier based on (Cicek et al., 2016).

a, Synapses detected in a region of neuropils before filtering. Arrows, synapses that were missed by the
detection. Arrowheads, false positive detections within neuronal processes. b, Synapses detected before
filtering shown together with 2D membrane prediction. ¢, Synapse detected after filtering through
membrane prediction. d, 3D rendering of all detected synapses in a box with the dimensions of 90 um x
90 um x 6 um where there was an AB plaque, a blood vessel and several cell bodies. The AB plaque is
the same one as in Figure 8 a. d, Enlarged boxed inset from c.

To improve the accuracy of the synapse detection for further analysis, we used the another
machine learning approach PyTorch (Lin et al., 2021) to detect synapses in boxes of the small-scale
dimensions. At three distances (10 um, 20 um, 30 um) from the center of an A plaque, we randomly
picked three small boxes with the dimensions of 6 pm x 6 um x 6 um and eliminated boxes that were
contaminated by blood vessel cell bodies (see Sup. Figure 4). By applying PyTorch synapse detection on

one of the boxes, we obtained a more precise evaluation of synapse density (precision of 86.06% and a

recall of 98.88%) at different distances.
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Synapse detection on all nine boxes (Figure 10 a, b, c) showed that a decrease in synapse
density as regions progressively closer to the plaque: synapse density was 0.1806 + 0.0682 (SD) per pm®
at 10 pm, 0.6528 + 0.0245 (SD) per um® at 20 pm, 1.216 + 0.1740 (SD) per pm?® at 30 um (Figure 10 d).
There was a statistically significant trend as the distance to the plaques dropped from 30 pm to 10 pm
(two-tailed, unpaired t-test. 10 pm vs. 20 um, p = 0.0004; 20 pm vs. 30 pm, p = 0.0051; 10 pm vs. 30 pm,
p = 0.0007). The average synapse volume (pre-synaptic side) was 0.004360 + 0.00007072 (SD) pm® at
10 pm, 0.004515 + 0.0003020 (SD) pm® at 20 pm, 0.004762 + 0.0007127 (SD) pm? at 30 pm (Figure 10
e). There was no statistically significant change of average synapse volume as the distance to the
plaques dropped from 30 pm to 10 pum (two-tailed, unpaired t-test. 10 pm vs. 20 um, p = 0.4356; 20 pm
vs. 30 pm, p = 0.6104; 10 pm vs. 30 um, p = 0.3864). The total synaptic volume (pre-synaptic side) for
each was 0.1703 + 0.06461 (SD) pm?® at 10 pm, 0.6377 + 0.06565 (SD) um® at 20 pm, 1.255 + 0.2823
(SD) um?® at 30 um (Figure 9 f). There was a statistically significant decrease of total synaptic volume as
the distance to the plaques dropped from 30 um to 10 um (two-tailed, unpaired t-test. 10 um vs. 20 um, p
= 0.0009; 20 um vs. 30 um, p = 0.0210; 10 um vs. 30 um, p = 0.0029). We plotted the frequency
distributions of synapses volumes (pre-synaptic + post-synaptic, Figure 11 a; pre-synaptic, Sup. Figure 5
a; post-synaptic, Sup. Figure 5 b) for all nine boxes. We found that the pre-synaptic volumes of all boxes
were slightly larger than the post-synaptic volumes (Sup. Figure 5 c¢). To test if smaller or larger synapses
were prone to be eliminated when closer to the plaque, we combined the synapses volumes (pre-synaptic
+ post-synaptic) data of the three boxes at each distance and plotted the frequency distributions again
(Figure 11 b). We performed two-sample Kolmogorov—Smirnov test and found there was no significant
difference between any two of the distributions (10 pm vs. 20 ym: p = 0.8498; 20 ym vs. 30 pm: p =
0.1231; 10 ym vs. 30 um: p = 0.09247). This result suggests that there was synapse elimination closer to
the plaque, but the elimination did not preferentially target smaller nor larger synapses. Synapses of all

volumes were possibly eliminated equally when closer to the plaque.
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Figure 10. Synapse detection results using PyTorch (Lin et al., 2021).

a-1, A representative image slice with detected synapses from the box at 10 um away from the center of
an AB plagque. a-2 to a-4, 3D rendering of all detected synapses in the box as in a-1 with the dimensions
of 6 um x 6 um x 6 pm at 10 um away from the center of an AB plague. White block is of the dimension of
1pumx1pumx1pum. b-1, A representative image slice with detected synapses from the box at 20 pm
away from the center of an AB plaque. The image slice is of the dimension of 6 um x 6 pm. b-2 to b-4, 3D
rendering of all detected synapses in the box as in b-1 with the dimensions of 6 um x 6 um x 6 pum at 20
pm away from the center of an AB plague. White block is of the dimension of 1 pym x 1 pm x 1 pum. c-1, A
representative image slice with detected synapses from the box at 30 um away from the center of an AR
plaque. The image slice is of the dimension of 6 um x 6 um. c-2 to c-4, 3D rendering of all detected
synapses in the box as in c-1 with the dimensions of 6 pm x 6 pm x 6 pm at 30 um away from the center
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of an AB plague. White block is of the dimension of 1 um x 1 um x 1 um. d, Synapse density, e, Average
synapse volume, f, Total synapse volume were measured for each of the three box at 10 um away from
the plaque, the three box at 20 um away from the plaque, and the three box at 30 um away from the
plaque. Two-tailed, unpaired t-test was performed. Synapse density, 10 um vs. 20 um, p = 0.0004,
t=11.29, df=4; 20 um vs. 30 um, p = 0.0051, t=5.553, df=4; 10 um vs. 30 um, p = 0.0007, t=9.597, df=4.
Avergae synapse volume, 10 um vs. 20 um, p = 0.4356, t=0.8655, df=4; 20 pm vs. 30 pm, p = 0.6104,
t=0.5519, df=4; 10 um vs. 30 pm, p = 0.3864, t=0.9713, df=4. Total synapse volume, 10 pm vs. 20 pm,
0.0009, t=8.789, df=4; 20 um vs. 30 um, p = 0.0210, t=3.690, df=4; 10 um vs. 30 um, p = 0.0029, t=6.489,
df=4.
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Figure 11. Frequency distributions of the synapse volume (pre-synaptic + post-synaptic).
a, Frequency distributions of synapses volumes (pre-synaptic + post-synaptic) of the nine boxes at 10 um
away, 20 um away, and 30 pm away from the plaque. Synapse volume is shown in the unit of voxels.

Each voxel equals 0.0000192 um®. b, Combined frequency distributions of synapses volumes (pre-
synaptic + post-synaptic) of at 10 um away, 20 pm away, and 30 um away from the plaque.

Conclusions and discussion
Here we report a new vCLEM technique enabled by fluorescent nanobody immunolabeling

probes to localize three AD-related molecules (pTau, AB, CD11b as microglial marker) in a large volume

connectomics dataset. This work demonstrates that fluorescent labeling of the target molecules could
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easily be superimposed with excellent ultrastructure in VEM datasets by omitting detergents in the
immunolabeling step. We identified several intracellular and extracellular abnormalities associated with
the recognized target molecules. We performed automatic segmentation, and semi-automatic 3D
reconstruction of neurons, indicating that this approach enables connectomics analysis of a neurological
disease model. We also performed machine-learning-based automatic synapse detection, which
uncovered significant alterations in synapse density and total synapse volume related to the location of an

AB plague. This vCLEM dataset is publicly accessible by this link so that researchers interested in AD

may search for other abnormalities associated with the localization of pTau and AB. This approach could
also be used to localize other molecular abnormalities in large-volume connectomics datasets from AD
animal or human patient samples.

We discovered two novel abnormalities at the AIS of pyramidal neurons associated with
Alzheimer's proteins. One is a swelling filled with pTau at the AIS of a pyramidal neuron with pTau
labeling in its cell body (Figure 5 h-1, h-2; Figure 8 b). The other abnormality are the enlarged blebs filled
with pTau at the AIS of pyramidal neurons with pTau labeling in its cell body (Figure 5 g-1, g-2; Figure 8
¢). We also observed spines at the AIS of some other pyramidal neurons in our datasets, which did not
have the anti-pTau labeling, nor were they abnormally enlarged. Interestingly, in the vVEM dataset
generated from the human cortex (Shapson-Coe et al., 2021), there were also normal looking spines at
the AIS of some pyramidal neurons. The abnormalities in this mouse dataset may be attributed to
perturbations of molecular mechanisms at the AIS by pTau and AB. When the membrane protein ankyrin-
G was depleted from the AlS, the AlS developed ectopic spines that contain excitatory postsynaptic
components (Sobotzik et al., 2009). The AIS also functions as a barrier that regulates the anterograde
and retrograde flow of tau proteins (X. Li et al., 2011). Depletion of ankyrin-G or contact with AB disrupts
this diffusion barrier (Zempel et al., 2017). A possible mechanism that could give rise to these
abnormalities is that the AIS is targeted by pTau or AB from nearby plague material, disrupting the
molecular mechanism that involves ankyrin-G and causing failure of tau sorting. This could plausibly lead
to swelling and abnormally enlarged spines at the AIS that retain the missorted pTau. Because pTau can
aggregate in spines (Blazquez-Llorca et al., 2011), the enlarged spine heads with high capacitance and

high resistance skinny necks may attenuate the synaptic signal and prevent it from reaching the axon. As
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a result, despite their location these spines may be less likely to excite the axon.

Automatic synapse detection showed a decrease in synapse density and total synapse volume as
the distance to the Ap plaque decreased. Several previous studies on human (Adams, 1987; S. W. Scheff
et al., 1990) or AD mouse models (Hillman & Chen, 1981) showed that sizes of synaptic contacts in AD
tissue samples were substantially larger compared to controls. A compensatory mechanism was
proposed: as synapse density decreases, synapse size grows larger (S. W. Scheff & Price, 1993). The
decrease in synapse density may be caused by AB’s synaptic toxicity (Hampel et al., 2021; Koffie et al.,
2009; Lue et al., 1999; Mucke et al., 2000; Urbanc et al., 2002) and/or mediated by glial mechanisms
(Chung et al., 2015; Rajendran & Paolicelli, 2018; Vilalta & Brown, 2018) as we observed an increased
number of glial processes from reactive microglia and astrocytes nearby AR plaques (Figure 4, Figure 7 b,
also see Sup. Figure 6 for astrocytic processes). A compensatory mechanism is less likely to account for
our result because we did not observe an increase in average synapse volume but rather a decrease in
total synapse volume.

In the future, by expanding the panel of fluorescent nanobody probes, or by combining it with
other types of immunolabeling compatible with vCLEM, this approach will become more powerful for the
localization of abnormal protein depositions in AD and other neurodegenerative diseases. For example,
nanobody probes for different AR species (e.g. AB1-40 and AB1-42) or AR with different conformations
(e.g. oligomers, protofibrils, and fibrils) (Hampel et al., 2021) and for tau isoforms or tau with site-specific
phosphorylation (Arendt et al., 2016) will be useful because these molecules present more severe or
specific forms of toxicity to neurons or synapses in AD (Arendt et al., 2016; Cline et al., 2018; Habicht et
al., 2007; Hampel et al., 2021). Nanobody probes for other neurodegeneration-related molecules (e.g. a-
synuclein, TDP-43, and huntingtin) (Bates et al., 2015; Taylor et al., 2002; Twohig & Nielsen, 2019;
Wilson et al., 2011) could allow this approach to be used for other types of neurodegenerative diseases
such as Parkinson’s disease, Frontotemporal Dementia, and Huntington's disease There are already a
panel of nanobodies for these molecules developed for other purposes (Danis et al., 2022; De Genst et
al., 2010; Habicht et al., 2007; Lafaye et al., 2009) that can easily be converted to fluorescent probes.

Of course, the same approach can be used to probe a variety of other proteins that may be cell

type specific markers. The pathological proteins studied here are selectively associated with different
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types of cells such as glial cells and subtypes of inhibitory neurons (Hattori et al., 2017; Kahlson &
Colodner, 2015). So nanobodies or other types of affinity reagents that be used in detergent-free
immunolabeling (such as single-chain variable fragments, scFvs) specific for markers of particular cell
types (Han et al., 2023) could be included to explore how toxic molecules specifically impair certain cell
types. Special sample preparation methods (Fulton & Briggman, 2021; Lu et al., 2023) that allow full-
length antibodies to be used in detergent-free immunolabeling can also be combined with our technique
to expand the list of markers that can be labeled.

Recent large-scale proteomic and transcriptomic studies (Johnson et al., 2022, 2020; Magistri et
al., 2015; Mathys et al., 2019) have showed alterations at the levels of protein and gene expression in
AD. To localize these new molecular abnormalities in connectomics datasets, a large collection of
nanobody probes that target common molecular markers will be needed. Multiple nanobody databases
are now available where thousands of nanobody sequences are being deposited (Deszyniski et al., 2021;
Wilton et al., 2018). Researchers can query sequences of nanobodies that target the molecular
abnormalities of interest, and then, as we have done, convert these nanobodies into fluorescent probes. If
no nanobody for a desired target is available, there are efficient ways to generate new nanobodies from
immune libraries (Muyldermans, 2021) or synthetic libraries (McMahon et al., 2018; Zimmermann et al.,
2020). With a growing collection of hanobody probes, the combination of this technique with super-
multicolor fluorescence imaging enabled by spectral unmixing (Seo et al., 2022) or multiplexed Raman
vibrational imaging (L. Wei et al., 2017) is a desirable goal, in order to achieve simultaneous multiplexed
labeling of many probes in the same sample.

This technique can be applied on human samples to study this disease in situ. Because
immunolabeling for a specific molecule does not require the use of transgenic animals, human samples
are appropriate targets. So as long as the nanobody probe can bind to the molecule-of-interest in human
tissues, it can be used to localize this molecule. The two nanobody probes (A2 and R3VQ) tested in this
study detect their targets in brain samples from AD patients (T. Li et al., 2016). Our technique could thus
be used to apply these nanobodies to postmortem or surgical samples from AD patients. A new method
to process large surgical brain samples from patients with neurological disorders for vEM was recently

described (Karlupia et al., 2023; Loomba et al., 2022). It is possible to combine this method with
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nanobody labeling to investigate the connectomics of AD patients’ brain samples.

Material and methods

Animals
Animals used in the study were female one-year old 3xTg (B6;129-Tg(APPSwe,tauP301L)1Lfa

PsenltmlMpm/Mmjax)

mice (Jackson Laboratory) and female one-year old B6129SF2/J mice (as age-
matched control animal, Jackson Laboratory). All experiments using animals were conducted according
to US National Institutes of Health guidelines and approved by the Committee on Animal Care at Harvard
University.
Nanobody production

A signal peptide (MDWTWRILFLVAAATGAHS) was added to the N’-terminus of the nanobody. A
sortase tag (SLPETGG) and a 6 x His tag was added to the C'-terminus. The amino acid sequence was
reverse translated into a DNA sequence with codon optimization for human cells. The DNA sequence
was synthesized and cloned into pcDNA 3.1 vectors.

Nanobody expression was performed with Expi 293 cells (ThermoFisher). Detailed expression
and purification protocols can be found in (Han et al., 2023).
Sortase reaction

The production of GGGC-dye conjugates was performed as described in (Han et al., 2023). The
sortase reaction was performed as described in (Antos et al., 2017; Han et al., 2023).
Perfusion and fixation

The mouse was anesthetized by isoflurane until there was no toe-pinch reflex. Mice were then
transcardially perfused with aCSF (125 mM NaCl, 26 mM NaHCOs3, 1.25 mM NaH,PO,, 2.5 mM KCI, 26
mM glucose, 1 mM MgCl, and 2 mM CaCl, (all chemicals were from Sigma-Aldrich) at the flow rate of 10
ml/min for 2 min to remove blood, followed with 4% paraformaldehyde (Electron Microscopy Sciences),
0.1% glutaraldehyde (Electron Microscopy Sciences) in 1 x PBS for 3 min for fixation. Brains were
dissected and then post-fixed in the same fixative on a rotator overnight at 4°C. Brains were sectioned

into 50-um or 120-pum coronal sections using a Leica VT1000 S vibratome and stored in the same fixative
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at 4°C.

Immunofluorescence

Detergent-free immunofluorescence labeling was performed with nanobody probes (see Sup.
Table 1 for the nanobody probes and the final concentration of each nanobody probe used in this study).
The detailed protocol was described in (Fang et al., 2018; Han et al., 2023). For the 120-um coronal
sections used for vCLEM, the section was first washed with 1 x PBS for 3 x 10 min, and then blocked in
glycine blocking buffer (0.1 M glycine, 0.05% NaNz in 1 x PBS) for 1 h on a rotator at 4 °C. The labeling
solution was prepared by diluting nanobody-dye conjugates in glycine blocking buffer (see Sup. Table 1
for the final concentration used). The labeling solution and any remaining steps were protected from light.
The section was incubated with the labeling solution on a rotator at 4 °C for three to seven days. The 120-
pum sections for Figure 2 were first incubated with the labeling solution with only the anti-pTau nanobody
for three days, and then incubated with the labeling solution with the anti-AB and the anti-CD11b
nanobodies for another three days. The 120-um section for Figure 3 was incubated with the labeling
solution with all four nanobodies for seven days. The After the incubation, the section washed with 1 x
PBS for 3 x 10 min, and then stained with Hoechst 33342 (Invitrogen, diluted 1:5000 in 1 x PBS) for 1 h
on a rotator at 4 °C. The section was washed with 1 x PBS for 3 x 10 min, and then mounted onto glass
slides (VWR).

To validate the labeling of the nanobody A2, double immunofluorescence labeling with detergent
was performed on 50-um sections with the anti-pTau mAb AT8 (ThermoFisher) plus the anti-mouse 1gG
H + L secondary antibody conjugated with Alexa Fluor 488 (ThermoFisher), and A2 conjugated with Alexa
Fluor 594 (see Sup. Figure 1 a) (see Sup. Table 2 and 3 for the final concentrations used for each probe).
To validate the labeling of the nanobody R3VQ, double immunofluorescence labeling with detergent was
performed with the anti-AB mAb 4G8 conjugated with Alexa Fluor 647 (BioLegend) and R3VQ conjugated
with 5-TAMRA (see Sup. Figure 2) (see Sup. Table 2 and 3 for the final concentrations used for each
probe). The detailed protocol is available on the NeuroMab website (Immunofluorescence Labeling of
Free-Floating Perfusion-Fixed Brain Sections, 2016). In brief, 50-um coronal sections were first washed
with 1 x PBS for 3 x 10 min, and then blocked in vehicle (10% normal goat serum, 0.3% Triton X-100in 1

x PBS) overnight on a rotator at 4 °C. Subsequent steps were protected from light. For the experiment
32


https://doi.org/10.1101/2023.10.24.563674

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563674; this version posted October 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

with AT8 and A2, the sections were then incubated with primary antibody solution plus nanobody probes
overnight on a rotator at 4 °C. After the incubation, sections were washed with vehicle for 3 x 10 min, and
then incubated with the secondary antibody solution for 1 hour on a rotator at 4 °C. For the experiment
with 4G8 and R3VQ, the sections were then incubated with primary antibody solution plus nanobody
probes for 3 days on a rotator at 4 °C. After the incubation, sections were washed with 1 x PBS for 3 x 10
min, and then stained with Hoechst (diluted 1:5000 in 1 x PBS) for 1 h on a rotator at 4 °C. Sections were
washed with 1 x PBS for 3 x 10 min, and then mounted onto glass slides.
Fluorescence confocal microscopy

Fluorescence confocal microscopy was performed as described in (Han et al., 2023). In brief, 50-
pUm sections were mounted in Vectashield H-1000 (Vector Laboratories) with a #1 coverslip (Electron
Microscopy Sciences) on top sealed with clear nail polish. 120-um sections (for vVCLEM) were mounted in
1 x PBS inside 120-um spacer (Invitrogen) with a #1 coverslip on top sealed with the spacer. Sections
were imaged with a Zeiss LSM 880 confocal laser scanning microscope equipped with either a 20x/0.8
NA air-objective or a 40x/1.1 NA water immersion objective. The 120-um section for vCLEM was imaged
with a 40x/1.1 NA water immersion objective. Acquisition of double or triple color fluorescent images was
done with appropriate band pass filters for the specific fluorescent dyes to avoid crosstalk.

The brightness, contrast, and gamma of all fluorescent images were adjusted. Fluorescence

image volumes were projected to a single plane by maximum intensity for visualization in 2D.

EM preparation

Sample preparation for electron microscopy was performed as described in (Han et al., 2023).
After the 120-um sections was imaged, it was transferred into 3.7 ml shell vials with 1 ml secondary
fixative (2% PFA, 2,5% glutaraldehyde in 0.15M sodium cacodylate buffer with 4mM Cca” and 0.4 mM
Mg®*) and incubated for at least one week on a rotator at 4 °C. A modified ROTO (Reduced Osmium-
Thiocarbohydrazide-Osmium) protocol was used to stain the section. The section was embedded in LX-
112 resin.
X-ray microCT scanning

X-ray micro-computed tomography (uCT) images of the resin-embedded sections were acquired
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using a Zeiss Xradia 510 Versa system and Zeiss' Scout and Scan software. Detailed protocol was
described in (Han et al., 2023).
EM imaging

The resin-embedded sections were cut into 30 nm serial ultrathin sections using automated tape-
collecting ultramicrotome (ATUM) (Kasthuri et al., 2015). Serial sections were collected onto carbon-
coated and plasma-treated Kapton tape. The tape was cut into strips and affixed onto 150 mm silicon
wafers (University Wafer). A Zeiss Sigma scanning electron microscope was used to acquire overview
images from the serial sections. Detailed protocol was described in (Han et al., 2023).

Prior to acquiring high-resolution images, the serial section sections on wafers were post-stained
for 4 min with a 3% lead citrate solution. After staining, the sections were degassed for a minimum of 24 h
at 1x10-6 Torr. A Zeiss MultiSEM 505 scanning electron microscope equipped with 61 electron beams
was used to acquire high-resolution images from the serial sections. Images were collected using a 1.5-

kV landing energy, 4-nm image pixel, and a 400-ns dwell time.

High-resolution EM image processing

The preparation of the VEM data before it could be segmented/analyzed includes two steps:
affine stitching and elastic alignment. Detailed protocol was described in (Han et al., 2023). We excluded
20 slices that had sub-optimal imaging quality (e.g. very thin slices or contains tears and wrinkles) and
copied the adjacent sections in the places of these excluded slices. The aligned stack was rendered at
full resolution (4 x 4 x 30 nm) and each section was cut into 4k x 4k .png tiles, imported into VAST as a
.vsvi file, and ingested into Neuroglancer for further analysis.

The initial alignment of the VEM dataset showed several jumps through the z-axis. A second
attempt at alignment was performed after discarding four more slices (we also copied the adjacent
sections in the places of these discarded slices) that had suboptimal image quality, which successfully
eliminated the jumps. The 3D reconstruction of Neuron 3, the automatic AR plaque detection, and the
synapse detection using a U-Net classifier was performed on the first version of alignment. The 3D
reconstruction of Neuron 3 and the automatic AB plaque detection were later transferred to the second
version of the alignment based on matching coordinates. The other reconstructions and the synapse

detection by PyTorch were performed on the second version of the alignment. The publicly accessible
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vCLEM dataset is of the second version of the alignment.
Co-registration of fluorescence and EM volumes

The co-registration was performed using the BigWarp plugin in FIJI. Detailed description was
described in (Han et al., 2023).
Automatic segmentation

We segmented a central cutout of the dataset using flood-filling networks (FFNs, Januszewski
2018). The FFN segmentation model was trained at 16 x 16 x 30 nm resolution on the HO1 dataset
(Shapson-Coe et al., 2021), and run here on CLAHE intensity normalized data (Zuiderveld, 1994)
downsampled to match the trained model resolution. But direct application of the hO1-trained FFN to the
Alzheimer's dataset did not perform well. Therefore we used Segmentation Enhanced CycleGAN (Michal
Januszewski & Jain, 2019) to modify the visual appearance of the Alzheimer's dataset at 16 x 16 x 30 nm
to mimic h01, prior to running the FFN. The resulting segmentation can be explored in Neuroglancer.

2D membrane detection at 4 x 4 x 30 nm resolution was performed on the VEM dataset using a
method developed in our lab. A description of this approach was given in (Karlupia et al., 2023; Meirovitch
et al., 2018; Pavarino et al., 2023). In brief, an algorithm (Pavarino et al., 2023) pre-trained on a mouse
cerebellar dataset was used to generate 2D membrane detection.
Automatic AB plaque segmentation

We optimized a DeepLab-v3 semantic segmentation model (L.-C. Chen et al., 2018) on a
cropped stack of images with manually identified A plaque. The model was pre-trained on another vEM
dataset from the Alzheimer's disease mouse model Tg2576 (Dr. Olga Morozova, personal
communication) to decrease the requirements of manually annotated training data in the target volume.
We also oversample patches near the AB plaque border during training to improve segmentation quality
as the mask structures in those patches are more challenging. The training and inference are
implemented with the open-source PyTorch Connectomics codebase (Lin et al., 2021).
Synapse detection using a U-Net classifier and subsequent filtering

The synapse model was a three-stage U-Net architecture with an initial feature size of 32 and

scaled 2x for each stage of the U-Net. Model output was volumetric, with the output stage a 3-class
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softmax classifier with classes background, pre-synaptic site, and post-synaptic site. During training
labels were weighted 2x, 2x, and 1x for pre/post and background, respectively. A stronger positive weight
was imposed in an effort to bias the network towards a higher recall value at the expense of potentially
more false positives, as there are downstream filtering heuristics applied that eliminate non-plausible
pre/post pairs, e.g. a synapse predicted on the boundary of a nucleus, wholly contained within a
segmented neuron.

Training data consisted of 6x ROIs from a previously-annotated human dataset (Shapson-Coe et
al., 2021), sized 8 x 8 x 100 um (1k*1k*100 voxels) with densely annotated pre/post volumetric labels for
a total of 3824 unique synapses. Examples were generated at the centroid of each pre- and post-synaptic
site, and augmentation was performed by applying an offset to the centroid location by up to 27 x 27 x 3
voxels In XYZ. Further augmentation included permutation of X and Y axes and reflections along X, Y,
and Z axes. Due to the size of the network, the model was trained at a batch size of 1, and was trained
for a total of 51M steps. Inference was performed on the entire dataset.

We filter synapse annotations using three criteria: size, proximity to a membrane, and presence
of adjacent pre- and postsynaptic annotations. The minimum size of an annotation is 60 voxels, and
membranes are dilated using a disk of radius 4 prior to filtering annotations based on overlap with
membrane voxels. For pre- and post- synapse annotation filtering, all pre- and post- synaptic annotations
remaining have at least one partner of the opposite type within 30 pixels in x and y and 3 slices in z. This
distance is determined via centroids. One additional constraint for pre- and post- synaptic partners is that
the volume of candidate partners must differ by less than a factor of 2. The resulting annotations have
little to no noise in the cytoplasm.

Synapse detection using PyTorch

EM image stacks of nine boxes with the dimensions of 6 pm x 6 pm x 6 um at three distances (10
pm, 20 um, 30 um) from the center of an AR plague were exported from the vEM dataset. A human
annotator separately labeled all the pre- and post- synaptic appositions in the first 50 slices of one box at
30 um. This data was used to train the PyTorch machine learning algorithm. Afterwards, we used the
trained algorithm to detect synapses in all slices of this box. The results were manually proofread and

reused to re-train the algorithm. After reaching desirable detection accuracy and recall, the re-trained
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algorithm was used to detect synapses in the other eight boxes.

Statistical analysis
Two-tailed, unpaired t-tests on synaptic density, synaptic volume and total synaptic volume of the
three categories defined in the section of synapse detection (The PyTorch method) were performed in

Prism-GraphPad. Two-sample Kolmogorov—Smirnov test was performed using Python.
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