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1 | INTRODUCTION

Advances in microscopy research have facilitated the development of
various techniques of super-resolution microscopy which overcome

the diffraction limits of light that constrain confocal and two-photon

Abstract

Ground state depletion followed by individual molecule return microscopy (GSDIM)
has been used in the past to study the nanoscale distribution of protein co-localization
in living cells. We now demonstrate the successful application of GSDIM to archi-
val human brain tissue sections including from Alzheimer's disease cases as well as
experimental tissue samples from mouse and zebrafish larvae. Presynaptic termi-
nals and microglia and their cell processes were visualized at a resolution beyond
diffraction-limited light microscopy, allowing clearer insights into their interactions
in situ. The procedure described here offers time and cost savings compared to elec-
tron microscopy and opens the spectrum of molecular imaging using antibodies and
super-resolution microscopy to the analysis of routine formalin-fixed paraffin sec-
tions of archival human brain. The investigation of microglia-synapse interactions in

dementia will be of special interest in this context.
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microscopy (Galbraith & Galbraith, 2011). Single molecule localiza-
tion microscopy (SMLM) techniques perform two basic operations
for image reconstruction: (a) the super-localization of single emitters
within the nanometer range and (b) the active control of emitters to

reduce the concentration of fluorescing molecules at any one time

Patrick Jarmo Paasila and S. Y. Y. Fok contributed equally.

Edited by Christopher Anderson and Junie Warrington. Reviewed by Eamonn Dickson, Bryan Heit, and Mike Jackson.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Journal of Neuroscience Research published by Wiley Periodicals LLC.

J Neurosci Res. 2021;99:1515-1532.

wileyonlinelibrary.com/journal/jnr 1515


www.wileyonlinelibrary.com/journal/jnr
mailto:﻿
mailto:﻿
mailto:manuel.graeber@sydney.edu.au
http://creativecommons.org/licenses/by-nc-nd/4.0/

1 5 1 6 JOURNAL OF

PAASILA ET AL.

Neuroscience Research

thus ensuring minimal overlap across a sequence of imaging frames.
Single-molecule active control microscopy (SMACM) is a term applied
to the various techniques whereby the active control of fluorescent
molecules is achieved for the generation of pointillist images (Folling
et al., 2008; Schermelleh et al., 2010; Thompson et al., 2012).

Ground state depletion followed by individual molecule return
microscopy (GSDIM) represents one such method of active control
and is capable of achieving resolutions down to 20 nm in the lateral
dimension (Bretschneider et al., 2007; Hell, 2007; Moerner, 2012).
This translates into an approximately 10-fold improvement over the
power of resolution of conventional confocal methods. In conven-
tional confocal microscopy, molecules are driven from the ground
state into a singlet excited state followed by a dark triplet state that
lasts on the order of milliseconds, a period which is too short to en-
sure a low enough density of active emitters required for SMACM
(Thompson et al., 2012). In GSDIM, sufficiently high power is applied
to molecules cycling through the standard energy levels in order to
drive them into a longer-lived dark state which lasts on the order
of seconds, thereby reducing the number of molecules returning
to the ground state from which they can be activated once more
(hence “ground state depletion”) and thus satisfying the conditions
required for SMACM. The “blinking” events of single molecules that
cycle through energy levels and stochastically return to their ground
state with the emission of fluorescent light are recorded over time
for image reconstruction (Félling et al., 2008; Watanabe et al., 2014).

SMACM has been successfully used to study the nanoscale dis-
tribution of proteins and their co-localization, revealing molecular
interactions that form part of biological processes in eukaryotic cells
(Lalkens et al., 2012) and bacteria (Coltharp & Xiao, 2012). However,
to date few studies have been performed on multicellular biological
samples (Dani et al., 2010; Sigrist & Sabatini, 2012; Vaziri et al., 2008).
In this study we present the results of the successful application of
GSDIM to tissue from different species: frozen and formalin-fixed
paraffin-embedded sections (mouse; human), as well as whole mounts
of zebrafish larvae. Our focus is on human brain tissue and specifically
the interaction of microglia and synapses in dementia.

Microglia originate from the yolk sac during early embryonic devel-
opment (Ginhoux et al., 2013), although a small portion, derived from
bone marrow precursors, enter the central nervous system (CNS) post-
natally (Chen et al., 2010). Microglia in their normal state exhibit a ram-
ified morphology with a territorial coverage of 30%-40% on average in
the human cortical parenchyma (Paasila et al., 2019). Microglia are not
part of the glial syncytium—they lack gap junctions and thus electrophys-
iological coupling between individual cells (Eugenin et al., 2001; Wasseff
& Scherer, 2014). Microglia are the resident tissue macrophages of the
CNS and act as sensors of pathology (Kreutzberg, 1996). However, this
is not their most important function because they do not display a mac-
rophage phenotype in healthy normal brain (diseases are exceptional
states and not the norm). Maintenance of synaptic integrity appears to
be their normal function (Graeber, 2010). Microglia are dynamic cells
whose processes are continuously in motion, monitoring their local mi-
croenvironment (Nimmerjahn et al., 2005), and intermittently contact

neighboring synapses (Nimmerjahn et al., 2005; Schafer et al., 2013;

Significance

We present the use of super-resolution microscopy to de-
tect the internalization of presynaptic material by microglia
in the brain of different species in situ. Here we demonstrate
that the methodology can be applied to routine formalin-
fixed paraffin-embedded archival sections of human brain
allowing for the study of synapses at high resolution with-
out the need for electron microscopy. Brain tissue from
Alzheimer's disease cases and non-demented controls with
or without Alzheimer's disease-type pathology are employed
to demonstrate this powerful approach. The best studied
model of post-traumatic synaptic plasticity, the rodent fa-
cial nucleus paradigm, is used for comparison and processes
of mouse microglia surrounding axotomized motor neurons
are shown to contain focal synaptophysin immunoreactiv-
ity. In addition, we illustrate that whole mounts of zebrafish
larvae are amenable to the application of this technique.
Importantly, we also show enhanced co-localization at a res-
olution of 20 nm/pixel demonstrating increased intracellular
uptake of presynaptic material into microglia cell processes

in Alzheimer's disease.

Wake et al., 2009). They respond rapidly to changes in their local en-
vironment and may also migrate to sites of tissue injury where they are
capable of clearing cellular debris. Thus, microglia have a key role in CNS
tissue maintenance and repair as well as in defense mechanisms and no-
tably in inflammatory responses. Importantly, however, microglial activa-
tion is not synonymous with neuroinflammation (Svahn et al., 2014). The
latter term is highly ambiguous (Graeber, 2014) and thus best avoided, a
view also supported by the finding that microglial activation is indepen-
dent of TSPO, the 18-kDa translocator protein situated on the outer mi-
tochondrial membrane (Banati et al., 2014). In contrast, the normal role
of microglia in the development of synaptic connections (synaptic prun-
ing) (Paolicelli et al., 2011) and in the maintenance of synaptic integrity,
their apparent normal function (Graeber, 2010) is increasingly appreci-
ated (Ji et al., 2013; Lim et al., 2013; Miyamoto et al., 2013; Parkhurst
et al., 2013; Tremblay et al., 2010; Wu et al., 2015; Zhan et al., 2014).
Here we have used GSDIM to visualize interactions between microglia

and synapses in physiological and pathological conditions.

2 | METHODS

2.1 | Sample preparation
2.1.1 | Human tissue sections
Immunofluorescence staining

Following ethics approval from University of Sydney Human
Research Ethics Committee (HREC #2019/531), seven micrometer
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thick formalin-fixed paraffin-embedded sections of the superior
frontal gyrus from four Alzheimer's disease cases (AD), four non-AD
control brains, and three non-demented controls with Alzheimer's
changes (CAc) that satisfied a Braak stage Ill or IV were obtained
from the NSW Brain Tissue Resource Centre and mounted on glass
coverslips (Table 1). One additional non-AD case where the tissue
block was exposed to just 24 hr (hrs) fixation (non-AD PC 1) was
supplied and is included here as a positive control for comparison
to other archival sections examined here with variable fixation peri-
ods (Table 1). Blind ID numbers which were written on 6-well plates
for free-floating sections were assigned to each section by the ex-
perimenter who remained blind to cases and controls until after
completing image analysis. Preparation of human brain tissue was
performed as previously published (Sutherland et al., 2016). Sections
were dewaxed in three, 5-min washes in xylene, and rehydrated by
washing for 5 minin 100%, 95%, 70%, and 50% ethanol. Sections un-
derwent heat-induced epitope retrieval in 10 mM Tris/1 mM EDTA
(pH 8.5) at 110°C for 30 min in a decloaking chamber (DC2002,
BioCare medical, Concord, United States). Aldehyde-related fluo-
rescence was quenched by washing sections twice for 5 min on
ice in freshly prepared, effervescent 0.1% sodium borohydride di-
luted in 0.01 M (1x) PBS. Sections were subsequently washed five
times for 5 min in 1x PBS containing 0.3% tween-20 (PBST; pH 7.4).
Blocking was performed in 10% NGS (Cat# 16210-072, Thermo
Fisher Scientific, Waltham, Massachusetts, United States) diluted
in 1x PBST followed by primary antibody incubation (anti-ionized
calcium-binding adaptor molecule 1 (lbal), 1:1,000, Cat# 019-
19471, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan,
RRID:AB_839504; anti-synaptophysin (Syp), 1:200, Cat# MO0776,

TABLE 1 Basic clinical data of human cases used in this study

h 1517

Dako, Denmark, RRID:AB_2199013), and secondary antibody incu-
bation (1:500; Alexa Fluor (AF) 532 goat anti-rabbit, Cat# A32728,
RRID:AB_2534076; Alexa Fluor 647 goat anti-mouse, Cat# A11009,
RRID:AB_2633277; ThermoFisher Scientific), both in 1% NGS at

4°C overnight with gentle agitation. Sections were then washed five
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times for 5 min in 1x PBS. Previously, sections for GSDIM (imaged
according to old gold-standard acquisition settings) were stained as
described here but incubated in AF 647 (1:200, donkey anti-rabbit,
Cat# A-31573, ThermoFisher Scientific, RRID:AB_2536183) and AF
568 (1:200; goat anti-mouse, Cat# A11004, ThermoFisher Scientific,
RRID:AB_2534072) and quenched using 0.1% Sudan Black B (BDH
Laboratory Chemical Group, United Kingdom) in 70% ethanol for
4 min, then stored in 1x PBS at 4°C until imaging. Further meth-
odological information can be found in the Supporting Information
Methods. Table 2 lists all antibodies used here.

2.1.2 | Brain tissue from mice

Mice were held in a secure licensed facility at the Australian Nuclear
Science and Technology Organisation (ANSTO, Kirrawee DC NSW
2232, Australia; Licensing body, NSW Department of Primary
Industries) in accordance with regulations set out by the Animal Care
and Ethics Committee (ACEC). Mice were housed in a temperature-
controlled room which was maintained under a 12-hr light/dark
cycle. The housing density of mice was 1-5 per cage, depending on
behavior. Food and water were made available to the mice ad libi-
tum as well as appropriate bedding and environmental enrichment

(Supplier, Gordon's Specialty Stockfeed).

Post-mortem Fixation time Brain
Case Age Sex Cause of death ABC score® Interval (hrs) (wks) pH
AD 1 83 F Uremia A3 B3 C2 3 265 59
AD 2 77 M Aspiration pneumonia A3 B3 C2 26 52 6.3
AD 3 85 F Cardiorespiratory failure A3 B3C3 10 60 5.9
AD 4° 78 F Cardiac failure A‘B3C? 6 3 6.6
Non-AD Control 59 M Pulmonary emboli AO BO CO 29 17 6.6
1c
Non-AD Control 2 69 M Atherosclerotic cardiac disease A3 B1C3 16 421 6.6
Non-AD Control 3 78 F Pulmonary fibrosis A0 BO CO 11 339 6.3
Non-AD Control 4 74 F Breast and liver cancer with A3 B1C3 20 83 6.6
bone metastases
CAc1 85 M Colorectal cancer and severe A2B2C3 9 265 6.6
cachexia
CAc 2 87 F Metastatic breast cancer A2 B2 CO 5 148 6.4
CAc 3 102 F Acute renal failure A2B2C2 5 152 5.9
Non-AD PC 1 94 F Cardiorespiratory arrest g 43 24 (hr) d

2According to the National Institute on Aging-Alzheimer's Association guidelines (Hyman et al., 2012; Montine et al., 2012).

PExcluded from the Ibal/Syp co-localization study due to missing data and tissue availability.

‘Excluded from the Ibal/Syp co-localization study due to tissue availability.

dData unavailable.
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TABLE 2 List of antibodies

Name Immunogen

Anti-lonized calcium binding  Synthetic peptide corresponding to the C-terminus of Ibal
adaptor molecule 1 (Ibal)

Anti-Synaptophysin (Syp) A recombinant protein fragment corresponding to the C-
terminal cytoplasmic domain of human Syp

Anti-Syp Synaptophysin presynaptic vesicles

Anti-Cluster of T cell enriched splenocytes from B10 mice
differentiation 11b (Cd11b)

Alexa Fluor 532 Structure: Whole antibody; gamma immunoglobins Heavy
and Light chains

Alexa Fluor 647 Structure: Whole antibody; gamma immunoglobins Heavy
and Light chains

Origin

Manufacturer: Wako
Catalogue: 019-19471
RRID:AB_839504

Host species: Rabbit
Target: Human Ibal
Type: Primary, polyclonal

Manufacturer: Dako (now
Agilent)

Catalogue: M0776
RRID:AB_2199013
Host species: Mouse
Target: Human Syp

Type: Primary, monoclonal
(SY38)

Manufacturer: AbD Serotec (now
Bio-Rad)

Catalogue: 8479-0004
RRID:AB_2286948
Host species: Rabbit
Target: Mouse Syp

Type: Primary, monoclonal
(SY38)

Manufacturer: AbD Serotec (now
Bio-Rad)

Catalogue: MCA74GA
RRID:AB_324660

Host species: Rat

Target: Mouse Cd11b

Type: Primary, monoclonal (5C6)

Manufacturer: ThermoFisher
Scientific

Catalogue: A-11009
RRID:AB_2534076

Host species: Goat

Target: Anti-rabbit IgG
Type: Secondary, polyclonal

Manufacturer: ThermoFisher
Scientific

Catalogue: A32728
RRID:AB_2633277

Host species: Goat

Target: Anti-mouse IgG
Type: Secondary, polyclonal

Concentration

1:1,000

1:200

1:100

1:100

1:500

1:500

(Continues)
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TABLE 2 (Continued)

Name Immunogen

Alexa Fluor 568
and Light chains

Alexa Fluor 633
and Light chains

Alexa Fluor 647
and Light chains

Alexa Fluor 568
and Light chains

Facial nerve axotomy was carried out in accordance with a sur-
gical protocol approved by the University of Sydney Animal Ethics
Committee (AEC 2013/5856). In brief, mice were anaesthetized
using isoflurane and the right facial nerve transected at its exit from
the stylomastoid foramen (for review see [Moran & Graeber, 2004]).
After different survival times (Sajjan et al., 2014), the brain stem
was removed, embedded in Tissue-Tek® O.C.T compound (Cat#
IA018, ProSciTech, Kirwan, Queensland, Australia) and stored at
-70°C until further processing. Sixteen micrometer thick coronal
sections were cut on a Leica cryostat and collected on coverslips
(ProSciTech). Coverslips were immersed in 3.7% methanol-stabilized
formaldehyde in 1 x PBS followed by 2-min long incubations in cold
acetone (50%, 100%, and 50%). For the reproduction experiment
(Graeber et al., 1988) shown in Figure 1, a 1-year-old male mouse was
sacrificed 3 days after the operation (Banati et al., 2014). Sections
were incubated in a mixture of anti-CD11b (1:100, Cat# MCA74GA,
AbD Serotec, Oxford, United Kingdom, RRID:AB_324660) and

Structure: Whole antibody; gamma immunoglobins Heavy

Structure: Whole antibody; gamma immunoglobins Heavy

Structure: Whole antibody; gamma immunoglobins Heavy

Structure: Whole antibody; gamma immunoglobins Heavy

b 1519
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Origin Concentration

Manufacturer: Molecular Probes, 1:200

Invitrogen; now ThermoFisher
Scientific
Catalogue: A-11077
RRID:AB_141874
Host species: Goat
Target: Anti-rat IgG
Type: Secondary, polyclonal

Manufacturer: Molecular Probes, 1:200

Invitrogen; now ThermoFisher
Scientific
Catalogue: A-21070
RRID:AB_2535731
Host species: Goat
Target: Anti-rabbit IgG
Type: Secondary, polyclonal

Manufacturer: Molecular Probes, 1:200

Invitrogen; now ThermoFisher
Scientific
Catalogue: A-31573
RRID:AB_2536183
Host species: Donkey
Target: Anti-rabbit IgG
Type: Secondary, polyclonal

Manufacturer: ThermoFisher 1:200

Scientific
Catalogue: A-11004
RRID:AB_2534072
Host species: Goat
Target: Anti-mouse I1gG
Type: Secondary, polyclonal

anti-Syp antibodies (1:100, Cat# 8479-0004, AbD Serotec,
RRID:AB_2286948) for 2 hr in a humidified chamber at room tem-
perature. Sections were then rinsed twice in 1x PBS and a second-
ary antibody mixture (AF 568, Cat# A-11077, RRID:AB_141874; AF
633, Cat# A-11031, RRID:AB_2535731; Molecular Probes, Oregon,
United States) was applied for 1 hr at room temperature. Finally, sec-
tions were rinsed twice in 1x PBS and stored at 4°C until imaged.

2.1.3 | Whole mounts of zebrafish larvae

Zebrafish larvae were maintained under optimal conditions
(Westerfield, 2000) and in accordance with experimental protocols
approved by the University of Sydney Animal Ethics Committee
(AEC 2013/5591). Adult fish were housed in 4 L tanks maintained
at 28.5°C on a 14/10 hr light/dark cycle with twice daily feeding

of artemia and protein pellets. Larvae were obtained from natural
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FIGURE 1

(a-c) Widefield epifluorescence images of (a) Syp-immunostaining of presynaptic boutons, (b) Ibal-immunostaining of a

microglia profile, and (c) the composite image (case AD 1). Widefield images are shown as maximum intensity projections of 35 z-slices

with a depth of 6.65 um; insets outline the fields of view corresponding to GSDIM reconstructions in the following row (d-f). (d-f)

GSDIM reconstruction demonstrating the ability of the technique to display very high resolution images of (d) Syp-immunostaining, (e)
Ibal-immunostaining, and (f) the composite image. The numbered spots in (f) highlight overlapping signal (white), that is, Syp-positive
presynaptic material inside Ibal-positive microglial cell processes. Scale bar in ¢ = 10 um (a-c), in f = 5 um (d-f) [Color figure can be viewed at

wileyonlinelibrary.com]

crossing and eggs were maintained at 28.5°C in E3 medium on a
14/10 hr light/dark cycle. 0.005% 1-Phenyl-2-thiourea (PTU) was
added to the E3 medium at 24 hr post-fertilization (pf) to prevent
pigmentation. From 5 days pf larvae were fed with paramecia from
a culture raised in the facility. Zebrafish sex is indeterminate at em-
bryonic and early larval stages and therefore was not considered as
a biological variable here.

For confocal studies, transgenic zebrafish lines expressing
mpegl:mCherry-CAAX were crossed with HCRT:Syp-eGFP result-
ing in larvae expressing both mpegl:mCherry-CAAX and HCRT:Syp-
eGFP. Larvae expressing both mCherry and eGFP were selected
at 3 days pf. For GSDIM studies, transgenic zebrafish expressing

mpegl:eGFP were used 6 days pf. Larvae were euthanized and fixed

with 4% paraformaldehyde (pH 7.2) in 1x PBS at room temperature
for 2.5 hr and rinsed/stored in 1x PBS at 4°C until use. A total of
six larvae were included for GSDIM. Of these, photoswitching was

successfully replicated in three.

2.2 | Imaging

2.2.1 | Confocal microscopy

Whole zebrafish larvae were embedded in 1% low melting point aga-

rose. Confocal imaging was performed on a Zeiss LSM 710 confocal
microscope using a W Plan-Apochromatic 20x/1.0 NA DIC objective
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with 1 airy unit (AU). mCherry was excited with a 568 nm laser line
and emission captured on a spectral detector from 570 to 700 nm.

2.2.2 | Ground state depletion followed by
individual molecule return microscopy

Mouse and human sections collected onto coverslips were immu-
nolabeled as described above and stored in 1x PBS until imaging.
Prior to imaging, sections were first mounted onto “ultracleaned”
glass coverslips (Cat# 0107032; 1.5H 18 mm x 18 mm high preci-
sion, £5 pm tolerance; Marienfeld Superior, Lauda-Kénigshofen,
Germany; refer to the Supporting Information Methods for cov-
erslip preparation for GSDIM), and allowed to dry for 10 min be-
fore being mounted on depression slides (Cat# 1-6293, neolab,
Heidelberg, Germany) in 100 mM B-mercaptoethylamine (MEA;
Sigma, Cat# 30070-10G; dissolved in 36 mM HCI, pH adjusted
8.5; aliquoted and stored at -80°C until imaging), and sealed with
silicon glue, Twinsil® (Cat# 13001000, Picodent, Wipperfirth,
Germany) or with Bondic® (preferred method; Bondic, Niagara
Falls, New York, United States). GSDIM imaging was performed
on a Leica SR 3D Ground State Depletion microscope with a
Leica HCX PL APO 160x/1.43 NA CORR GSD obijective (Leica
Microsystems, Wetzlar, Germany). Drift and chromatic aberration
are regularly checked on the GSDIM system used here (Sydney
Microscopy and Microanalysis, The University of Sydney), and
were also checked before and after experiments using 100 nm
TetraSpeck™ microspheres (Cat# T7279, ThermoFisher Scientific)
imaged using the 488, 532, and 642 nm laser lines. An additional
test for drift was also performed using 40 nm FIuoSpheresTM
(Cat# F8789, ThermoFisher Scientific) and the 642 nm laser line
(Supporting Information Methods).

Human brain

Image acquisition parameters were further optimized for imaging
human AD archival tissue. For optimal results, the GSDIM system
was turned on at least 1 hr before imaging. At least three regions
of interest per case, selected at random within the cortical gray
matter, were acquired using widefield epifluorescence and GSDIM.
Widefield z-stacks (up to 7 pm z-depth) were acquired using the
160 x GSD objective described above and visualized as maximum
intensity projections (z-step = 0.19 pm). For GSDIM, an exposure
of 11.7 ms, EM gain of 200, and low laser power (2%, 532 nm chan-
nel; 4%, 647 nm channel) as for typical super-resolution imaging
was used. No pumping or back-pumping was required. Images were
acquired over 1 to 3 min, depending on the photo-switching char-
acteristics observed during imaging; with the first 10-30 s being
omitted in post-processing using LAS X to eliminate background au-
tofluorescence. A detection threshold of 30 photons/pixel was used
for visualization of all GSDIM reconstructions. 3D GSDIM images
(0.77 pm z-depth) were also acquired using a cylindrical astigma-
tism lens and following calibration of the Leica GSD system using

80 nm gold beads using the LAS X software wizard. The Z-position

b 1521

of single emitters was determined by taking advantage of the mor-
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phology of their astigmatic point spread function by comparing to
known morphologies obtained using the gold beads. Internalization
of Syp-positive presynaptic material by Ibal-immunolabeled mi-
croglia was confirmed by visualizing image reconstructions with
orthogonal views for the XZ and YZ dimensions. Negative-primary
antibody sections were prepared and viewed concomitantly. Refer
to the Supporting Information Methods for further methodological
information.

Co-localization study

Here a study was undertaken to investigate the co-localization of
Syp- and Ibal-immunolabeling. Eight regions of interest sampled at
random between cortical layers Ill and V from the available three
AD cases (AD 1-3 in Table 1), three CAc (CAc 1-3), and three con-
trols (Non-AD Controls 2-4) were acquired from each individual.
GSDIM reconstructions were exported as.tif files with a dynamic
range set to 0-10 gray values. The 532 and 647 nm channels were
then separated and converted to a binary image. Corresponding
color channels were then multiplied and filtered to remove “salt
and pepper” noise using the “despeckle” algorithm in Fiji in order
to find all co-localized positive pixels. Results were displayed as
the average percentage of co-localized positive pixels of eight 18
pmz regions of interest per case. Image analysis was performed
blinded using batch-processing in Fiji (National Institutes of
Health, Bethesda, Maryland, United States, RRID:SCR_002285).
LAS X was used to export all event lists (in.ascii format) to de-
termine the full width at half maximum (FWHM) of structures of
interest, photon counts, localization precision, and for co-cluster

analysis.

Mouse and zebrafish

The focus drive on the Leica GSD system is limited to 200 pm.
Therefore, in order to prepare whole mounts of zebrafish larvae
for GSDIM imaging, a thin layer of head tissue was sliced off with
a razor blade under a dissection microscope as the region of inter-
est was slightly deeper than the focus depth of the objective; this
also facilitated the diffusion of the MEA buffer into the tissue.
The fish larva was then embedded in a drop of 1% low melting
point agarose on a depression slide. Once the agarose had set,
100 mM MEA, pH 7.4 was added followed by cover slipping and
sealing the sample with Twinsil®. eGFP was excited using a488 nm
laser (excitation bandpass filter 488/10, dichroic longpass mirror
496, and emission bandpass filter 555/100). AF 532 was excited
using a 532 laser (excitation bandpass filter 532/10, dichroic long-
pass mirror 541, and emission bandpass filter 600/100). AF Fluor
647 was excited using a 642 nm laser (excitation bandpass filter
642/10, dichroic longpass mirror 649, and emission bandpass fil-
ter 710/100). For GSDIM acquisition, the respective area of inter-
est was “pumped” in epifluorescence mode until molecules began
blinking. Acquisition of photons representing molecules returning
from the long-lived dark state was carried out in epifluorescence

mode and reconstruction of the final GSDIM image was completed
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using the Leica Application Suite X (LAS X; Leica Microsystems,
RRID:SCR_013673).

2.3 | Statistics

For the aforementioned co-localization study, three AD cases,
three CAc, and three controls were included as per tissue avail-
ability. Blinding was established by assigning each individual
with a random alphanumeric identifier. Blinding was maintained
until after statistical analyses had been completed. For the co-
localization study, the data were expressed as the mean percent-
age (of eight regions of interest) of co-localized pixels per standard
18 um? (900 pixels?) field of view per individual. Quantile-quantile
(Q-Q) plots of each group were visualized and the normality
was tested using the Shapiro-Wilk test. Equality of variances
was tested using the Brown-Forsythe test. Group differences
were tested by Welch's analysis of variance (ANOVA) (W) with
Dunnett's T3 test for multiple comparisons. The mean and stand-
ard deviation (SD) were determined for each group and a post
hoc power analysis to determine effect size (f) was performed
using G*Power (F test, post hoc ANOVA: fixed effects, omnibus,
one-way; RRID:SCR_013726). Groups were controlled for age,
sex (which was not disaggregated due to the small group sizes),
fixation time, post-mortem index, and brain pH. Spearman p was
calculated to identify potential correlations between the per-
centage of co-localized Ibal/Syp pixels and the aforementioned
factors. A p value < 0.05 was considered statistically significant.
Statistical analyses and scatterplots were performed in GraphPad
Prism (GraphPad Software; San Diego, California, United States,
RRID:SCR_002798). Event lists (exported from LAS X as.ascii files)
were handled using MATLAB (MathWorks, Natick, Massachusetts,
United States, RRID:SCR_001622), which was also used to pro-
duce the line graphs of photon counts. Table 3 lists all software

tools used here.

3 | RESULTS

3.1 | GSDIM as a tool to study the localization of
synapses in archival sections of human cerebral cortex

Widefield epifluorescence images (Figure la-c) are presented
alongside their respective super-resolved pointillist reconstructions

TABLE 3 List of software tools

Software RRID

MATLAB RRID: SCR_001622
Fiji RRID: SCR_002285
RRID: SCR_013726
RRID: SCR_002798
RRID: SCR_013673

G*Power
GraphPad Prism
Leica Application Suite X

(Figure 1d-f), demonstrating the suitability of GSDIM as a tool for
studying synapses at high resolution. FWHM of a representative
structure of interest in widefield and GSDIM micrographs dem-
onstrates the ability of the GSDIM system used here to achieve
super-resolved images (Figure 2a-c). GSDIM reconstructions had
a horizontal resolution of 20 nm/pixel and an axial resolution of
50 nm/pixel. Internalization of Syp-immunoreactive presynaptic
material by Ibal-positive microglia was demonstrated in AD cortical
samples using 3D GSDIM (Figure 3) (Supporting Information Movie
1 and 2 show the 3D GSDIM projection and the corresponding wide-
field fluorescence image, respectively, of this region of interest).
Images showing spurious co-localization in widefield and more cer-
tain co-localization in a GSDIM reconstruction of cortical tissue from
a control case have also been provided for comparison (Figure 4).
Additional images, including a positive-control section from tissue
fixed for 24 hr (sample, Non-AD PC 1, Table 1) and TetraSpeckTM
microsphere controls are provided in the Supporting Information
(Figures S1-S4).

3.2 | Study of Ibal/Syp co-localization

Previously we have shown morphological changes in cortical micro-
glia in AD and CAc post-mortem brain tissue (Paasila et al., 2019,
2020). Here it was of interest to investigate the potential of microglia
to internalize pre-synaptic material in AD and CAc cases. AD cases
(n = 3, mean percentage of co-localized pixels = 0.04% + 0.006 SD)
showed a higher level of Ibal/Syp signal co-localization compared
to CAc (n = 3, mean = 0.006 + 0.0008 SD, p = 0.02) and controls
(h = 3, mean = 0.006 + 0.005, p = 0.006; Welch's ANOVA: n = 9,
W (2.0, 2.8) = 36.1, p = 0.01; effect size (f) = 0.8) (Figure 5). Groups
did not differ by the percentage of area stained for Ibal (n = 9, W
(2.0,2.8)=8.2,p=0.1) or Syp (h =9, W (2.0, 3.4) = 4.5, p = 0.1).
Plots of the number of localizations and photons for both the 532
and 647 nm channels in AD cases, CAc, controls, and background
fluorescence can be found in Figure 6éa,b. The summary statistics
are also presented in Table 4. The frame correlation rate during
image acquisition was between 0.25 and 0.5. Exclusion of the first
10-30 s of imaging for GSDIM reconstructions significantly reduced
the level of background fluorescence. To further test the quality of
reconstructions, a filtration step to exclude all localizations in 10 or
more and 2 or more consecutive frames was applied. This resulted in
aloss of ~11.1% and ~17.6% of localizations compared to the original
reconstruction (which was generated without filtration of localiza-
tions occurring in consecutive frames), respectively. Importantly, the
overall effect this had on the test reconstructions was minimal com-
pared to the original reconstruction (Figure 7a-e).

The impact of blood vessel in co-localization analyses was neg-
ligible as they were not present in the 647 nm channel reconstruc-
tions (Figure S5; see also Figure 7 and Figure S4). Autofluorescence
due to lipofuscin deposits displayed variable photoswitching char-
acteristics depending on its signal intensity, with only low intensity

deposits impacting reconstructions of both channels. Therefore, all
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FIGURE 2 (a-b) Arepresentative Ibal-positive (magenta) microglial cell with a typical perpendicularly branching cell process imaged
in (a) widefield and (b) GSDIM mode, respectively. (c) Normalized pixel intensity values are plotted against the diameter of the cell process

measured in nanometers as marked by the corresponding green line of in

terest in (a) and (b), respectively. Full width at half maximum

(FWHM) of the single peak in the upper chart (marked “i”) corresponds to ~943 nm for the widefield image. FWHM of the first (“ii"), second

Wreen

iii”), and third (“iv”) peak corresponding to the GSDIM reconstruction in
[Color figure can be viewed at wileyonlinelibrary.com]

regions of interest imaged here were selected to exclude the pres-
ence of lipofuscin. Sudan Black B staining to block lipofuscin auto-
fluorescence was not included here as it was found to significantly
impair photoswitching of fluorophores which resulted in non-cycling
noise during imaging and greater “smearing” in GSDIM reconstruc-
tions (Figure Sé6).

3.3 | Post-traumatic synaptic stripping in the rodent
facial nucleus at super-resolution

GSDIM is less time consuming than conventional transmission
electron microscopy (EM). Here GSDIM was employed to examine
the mouse facial nucleus 3 days following axotomy to determine
whether the technique is suitable for visualizing the involvement of
microglial cells in synaptic stripping (Blinzinger & Kreutzberg, 1968).
GSDIM revealed occasional microglia containing presynaptic mate-

rial predominantly within their perineuronal cell processes (Figure 8,

(b) is ~20, 61, and 20 nm, respectively. Scale bar = 2.5 pm (a,b)

insets). The frequency of this observation was in keeping with pub-
lished EM results indicating that uptake of presynaptic material by
microglial cells during synaptic stripping is not a readily discernible

phenomenon.

3.4 | Whole mounts of zebrafish larvae are
amenable to GSDIM

We further tested whether it was possible to perform GSDIM
on whole mounts of transgenic zebrafish larvae. A zebrafish
larva expressing mpegl:eGFP in microglia was subjected to high
laser power to induce the long-lived triple dark state and emitter
blinking in MEA buffer. We observed that longer pumping times
at lower laser intensity were more effective; it took on average
20 min for eGFP to start blinking. Figure 9a represents a GSDIM
image reconstruction of a tectal microglia cell. The inset seen in

Figure 9a shows an mpegl-expressing microglial cell at confocal
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FIGURE 3 A 3D GSDIM reconstruction of part of a microglial cell from case AD 2 with a z-depth of 0.77 pm shown as a maximum
intensity projection, with orthogonal views of the XZ and YZ dimensions on the bottom and left of the image, respectively. The
orthogonal views have been magnified by 1.99x and cropped for better visualization (each view represents a space that is 0.77 um in
the Z-direction x 5.17 um in the X- and Y-direction, respectively). Scale bar = 2.5 um (XY image only) [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 4 A widefield (left) and corresponding GSDIM reconstruction (right) demonstrating Ibal- (magenta) and Syp- (green)
immunoreactivity in the dorsolateral prefrontal cortex of control human brain tissue (Non-AD Control 2). The areas marked by the asterisk
(*) and within the white box in the widefield image indicate instances of potential co-localization of signals (white, merge color). The GSDIM
reconstruction of the corresponding area (white box, right) better able resolves the Ibal- and Syp-positive signals, illustrating the need for
GSDIM resolution. The area marked by the asterisk (*) in the GSDIM reconstruction represents an instance of true signal overlap (Syp inside
a microglial process; white, merge color). Examples of overlap regions (white) in the GSDIM reconstruction are indicative of Ibal and Syp
molecules that are closer than 20 nm. Scale bar = 2.5 um [Color figure can be viewed at wileyonlinelibrary.com]
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resolution for comparison. Figure 9b-e illustrates selected areas
at higher magnification of images captured with GSDIM compared
to widefield fluorescence.

4 | DISCUSSION

The technical ability to visualize the spatial relationships of multiple

proteins in tissues at super-resolution represents a major capability
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FIGURE 5 Scatterplot demonstrating an elevated average
percentage of co-localized pixels per 18 pm2 (900 pixelsZ) standard
region of interest in AD compared to CAc and controls. *p < 0.05;
**p < 0.01; ns (not significant), p > 0.99
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in the field of microscopy. Applications for studying biological struc-
ture with super-resolution microscopy have grown considerably in
the last few years (Birk, 2019; Fang et al., 2018; Garcia et al., 2017;
Mockl et al., 2014; Schermelleh et al., 2019; Sieben et al., 2018;
Sreedharan et al., 2017; Stracy & Kapanidis, 2017; Xu & Liu, 2019)
and new advances in the field are predicted to improve our under-
standing as the potential of the technology is further realized. In the
past, studies of microglia in brain tissue were typically conducted
using immunocytochemistry in combination with brightfield, epif-
luorescence widefield, or confocal microscopy (Sarmiento, 2013).
However, if more detailed information on cell-cell interactions was
required, such as the precise spatial relationships between microglial
processes and synaptic boutons, then tissue samples had to be pro-
cessed for EM. With the invention of super-resolution microscopy,
the diffraction limit imposed by conventional light microscopy no
longer applies and biological structures can be viewed at a resolu-
tion closer to that offered by EM with essentially the same effort
that is required for conventional confocal microscopy. Here we have
demonstrated the use of GSDIM to show increased co-localization
of Ibal-positive microglia and Syp-positive presynaptic material in
AD compared to CAc and normal controls.

4.1 | Super-resolution imaging of formalin-fixed
paraffin-embedded sections of human cerebral cortex

EM is the traditional method for obtaining ultrastructural information
on brain tissue, but samples have to be perfusion-fixed ideally and
dissected into small pieces measuring only 1-2 mm?®. As a result, im-
ages may not be representative due to their small size, necessitating
additional experiments. Post-fixation, embedding into plastic, ultrathin
sectioning, and contrasting are all labor intensive, costly, and time con-
suming. Furthermore, while mouse and zebrafish tissue can be easily

procured and processed for EM, fresh human tissue samples are much
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(a,b) Plots showing the number of localizations by photon count in both the (a) 647 nm (green) and (b) 532 nm (magenta)

channels from Alzheimer's disease (AD) cases, Controls with Alzheimer's changes (CAc), normal controls, and background. Table 2 shows the

summary statistics [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 A testof the quality of GSDIM reconstructions from unfiltered data was performed in order to determine the impact of
localizations that occurred through consecutive imaging frames. (a) “Blinking” events over several thousand frames in unfiltered data

(black) and filtered data excluding localizations that occurred in 10 or more (green) and 2 or more (magenta) consecutive frames (the
colored markers on the y axis show the shift in the average number of localizations in the first 2 x 10° frames for each filter group). (b)

The total number of localizations in the unfiltered data set was 55,006 (black), 48,913 after removing localizations occurring in 10 or more
consecutive frames (green), and 45,347 after removing localizations in 2 or more consecutive frames (magenta). c-e GSDIM reconstructions
of the respective event lists for (c) unfiltered data (white), and thresholds at (d) 10 (green) and (e) 2 (magenta) consecutive frames were not
substantially different (arrow heads indicate Ibal-positive staining in a likely blood vessel—shown in each image). Scale bar = 5 pm (c-€)

[Color figure can be viewed at wileyonlinelibrary.com]

harder to obtain. However, archives of human brain tissue exist world-
wide in neuropathology departments and brain banks in the form of
collections of brain tissue retained in fixative and paraffin blocks left
over from routine diagnostic procedures. This is of relevance as ex-
tended storage in aldehyde fixatives reduces the suitability of CNS tis-
sue for EM (Liu & Schumann, 2014). Therefore, being able to perform
GSDIM on routine human paraffin sections opens up new avenues
for research. In particular, the approach described in this paper ena-
bles the spectrum of molecular imaging methods using antibodies and
super-resolution microscopy to be used for high-throughput analyses
of common brain diseases and at cheaper cost compared to EM even if
tissue has been stored for several years.
Microglia-synapticinteractions in physiological and diseased states
are increasingly appreciated. A preprint of one study using confocal

microscopy demonstrated increased co-localization of the endosomal/

lysosomal marker CDé68, expressed by myeloid cells including microg-
lia, and the presynaptic marker synapsin-I in post-mortem human tis-
sue (Tzioras et al., 2019). Here we have used GSDIM to demonstrate
increased co-localization of presynaptic material by microglia in post-
mortem human AD tissue compared to healthy controls and other non-
demented controls with high levels of AD-type pathology. It has long
been known that neuronal loss exceeds the burden of neurofibrillary
tangles in AD (Gomez-Isla et al., 1997), that microglia neuronal tox-
icity can be elicited in cell culture (Giulian et al., 1996), and that the
loss of synapses best correlates with the severity of dementia (Terry
et al., 1991), but there remains a paucity of evidence linking these ob-
servations in human studies. Here we show the direct involvement of
microglia in synaptic loss in AD. Discontinuities in the Ibal-positive
cellular processes, particularly in AD cases seen here (termed “pseudo-
fragmentation”), has been previously noted (Paasila et al., 2019, 2020;
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FIGURE 8 GSDIM demonstrates Syp-immunoreactive presynaptic material (green) inside perineuronal microglial processes (Mac-
1, magenta) in the axotomized mouse facial nucleus 3 days following axotomy. Examples of stripped synapses (white, merge color) are
magnified in the insets. Numbered regions represent the magnified areas in the insets. N marks a cross-sectioned motor neuron. Scale

bar = 2.5 um [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Photon counts and total number of localizations

AD (AF AD (AF CAc (AF Control (AF Control (AF Background Background
532) 647) CAc (AF532) 647) 532) 647) (AF 532) (AF 647)
Mean (n 432.6940 777.1586 500.1218 566.3529 531.1901 635.8538 394.1738 491.7849
photons)
Median (n 388.1000 569.5000 428.5000 480.2000 433.0000 478.3000 372.2000 449.6000
photons)
Minimum (n 13.8000 18.5000 53.2000 58.9000 23.9000 32.9000 136.5000 190.7000
photons)
Maximum (n 5,222.6000 8,065.3000 12,822.0000 15,146.6000 16,630.6000 14,520.4000 1,393.0000 1,610.9000
photons)
SD (n photons) 218.6298 616.6569 341.7096 332.1231 393.3020 675.1907 156.7882 153.1452
SEM 0.1465 0.2407 0.2856 0.1998 0.3478 0.4360 1.0304 0.4703
n localizations 2,226,894 6,562,200 1,431,497 2,762,082 1,278,972 2,398,669 23,153 106,033
n ROIs 24 24 24 24 24 24 5 5

Abbreviations: n, number of; ROIs, regions of interest; SEM, standard error of the mean.

Streit et al., 2009). In fact, such processes remain intact when visual-
izing cells with an additional marker as has been demonstrated in an
EM investigation performed elsewhere (Tischer et al., 2016). Given a
recent two-photon imaging study in mice showed that microglia work
in concert with astrocytes to phagocytose neuronal apoptotic debris

(Damisah et al., 2020) it will also be interesting to see in a larger cohort

of AD cases if a similar cooperative underpins physiological synaptic
pruning and how this might also interact with a human life-span syn-
aptome architecture (LSA) as described in mouse (Cizeron et al., 2020).

Co-localization studies are commonly employed in biology in
order to study spatial relationships between structures or mol-

ecules of interest. In broad terms, co-localization of signals can
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FIGURE 9 (a) GSDIM reveals the intracellular distribution of mpeg1:eGFP (magenta) in microglia in the optic tectum of a zebrafish larva.
Inset in a shows an mpeg1:eGFP expressing microglial cell captured with confocal microscopy for comparison. (b,d) Magnified areas from a
showing the intracellular distribution of eGFP with their widefield fluorescence images in (c) and (e), respectively. Scale bar = 5 um (a) [Color

figure can be viewed at wileyonlinelibrary.com]

be investigated by pixel-based or object-based methods (Bolte &
Cordelieres, 2006). Pixel-based methods rely on finding correla-
tions between signal intensities whereas object-based methods first
segment images and then apply an overlap procedure. Here a sim-
ple object-based strategy was pursued to quantify the relative oc-
currence of Ibal/Syp co-localization (at a resolution of 20 nm/pixel)
in AD, CAc, and normal aged brain. However, it is important to note
that other advanced spatial interaction analyses for investigating co-
localization also exist. Such strategies robustly account for accidental
overlap, post-processing errors, and offer additional statistics-based
inferences about spatial relationships between objects of interest
(Helmuth et al., 2010). Software packages for these types of clus-
ter analyses, such as Mosaic segmentation and Dual parameter
Optimization in Histograms (QUASIMoDOH) (Paparelli et al., 2016)
and MosaiclA (Shivanandan et al., 2013), are freely available for use
in image analysis software such as Fiji, but were outside the scope of
this investigation. A recent review also covers many other plugins for
processing and analyzing image data acquired from various imaging
modalities for use in Fiji (Linde, 2019).

4.2 | GSDIM enables studies of pathological
synaptic turnover

Peripheral axotomy of the rodent facial nerve leads to well-
characterized changes in its central nucleus of origin. The extrinsic
facial motor neurons respond to the loss of their distal axon by ac-
tivating a cellular regeneration program (Moran & Graeber, 2004).
Surrounding facial nucleus glial cells also become involved. Microglia

respond by expressing the CR3 complement receptor within hours

of the axotomy (Graeber et al., 1988) and undergo mitotic cell divi-
sion (Yamamoto et al., 2010) after a few days. Astrocytes upregu-
late their expression of the glial fibrillary acidic protein (GFAP) and
reshape their cell processes. Accompanying the axonal reaction,
microglial cells engage in a process known as “synaptic stripping”
(Blinzinger & Kreutzberg, 1968; Graeber, 2010). This process has
two components, an initial detachment of afferent axonal endings
from the neuronal somatic membrane and dendrites, followed by the
displacement of the detached terminals by microglial cells. It is the
latter process followed by astroglial insulation of neurons (Graeber &
Kreutzberg, 1988) that appears to be responsible for the long-lasting
functional deficit observed in patients with Bell's palsy (Graeber
et al., 1993). In functional terms, a facial nerve transection results in
what equates to a structural and functional split of the face from the
brain. Importantly, the fate of the large number of “stripped” axon
terminals is not known in detail. Typical phagocytic macrophages are
absent during the entire regeneration period although synaptic bou-
tons have been seen being displaced and even engulfed by micro-
glial processes at the EM level. However, systematic EM studies are
costly and very time consuming and therefore specific EM studies
to elucidate the fate of the stripped axon terminals have so far not
been performed. It is assumed that retraction of afferent neurites
plays a major role in the disappearance of free-lying axon boutons
during post-traumatic synaptic plasticity in the axotomized rodent
facial nucleus. This view is supported by the results of the present
study, as the rather limited uptake of synaptic material by microglia
in GSDIM is incompatible with large-scale phagocytosis.

A number of studies implicate microglia in synaptic remodeling,
internalization, and plasticity in healthy and pathological conditions
(Graeber, 2010; Hong et al., 2016; Ji et al., 2013; Lim et al., 2013;
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Miyamoto et al., 2013; Paolicelli et al., 2011; Parkhurst et al., 2013;
Schafer et al., 2012; Svahn et al., 2014; Tremblay et al., 2010; Tzioras
et al., 2019; Vasek et al., 2016; Wake et al., 2009; Wang et al., 2020;
Weinhard et al., 2018; Zhan et al., 2014). The majority of studies
monitoring microglial interactions with synapses have been con-
ducted using confocal and two-photon microscopy. The advantages
of using confocal and two-photon microscopy are that the cellular
components in microglia can also be directly labeled and observed,
and microglial interactions can even be studied in vivo. However,
resolution of these microscopic techniques is limited by the diffrac-
tion limit of light (Schermelleh et al., 2010). To further elucidate their
physiological roles, EM studies of microglia combined with serial
sectioning had to be employed, providing new insights into the in-
teraction of microglia and excitatory synapses. For instance, it was
discovered that microglia are involved in synaptic plasticity following

mere alterations in sensory experience (Tremblay et al., 2010).

4.3 | Super-resolution imaging of transgenic
zebrafish larvae

Super-resolution microscopy may be utilized for cultured cells or tis-
sue sections ranging from nanometers to micrometers in thickness
by direct or indirect labeling with fluorescent dyes. Fluorophore se-
lection will depend on compatibility with the embedding media used.
As demonstrated in this paper, active control of fluorescent probes
labeling tissue sections that are several micrometers in thickness
can be successfully performed (Galbraith & Galbraith, 2011). Here
we demonstrate that molecules expressed in situ in whole mount
preparations of transgenic zebrafish larvae can be imaged as well.
However, it is worth noting that fluorophores linked to antibodies
are clearly preferred for the visualization of expressed gene prod-
ucts because endogenously expressed fluorescent proteins yield a
much lower intensity in GSDIM (Ries et al., 2012).

In this example, eGFP expressed in microglia was used as the
in situ expression of fluorophores as it is suitably bright and photo-
stable (Fernandez-Suarez & Ting, 2008). GFP is known for its “blink-
ing properties” (Dickson et al., 1997) and a sizeable population of
expressing microglia are consistently present in the tectal region
(Svahn et al., 2013). Having an easy to define and comparatively
bright cell population minimizes the influence of background fluo-
rescence and out of focus light from neighboring tissue areas which
allows for the relatively straightforward reconstruction of super-
resolved mpegl:eGFP microglia. Importantly, this study along with
others demonstrates that eGFP, a widely used fluorescent marker,

can also be used in super-resolution microscopy (Rankin et al., 2011).

5 | CONCLUSIONS

In this study, we have demonstrated that GSDIM can be used to
investigate microglia-synapse interactions in conventional, read-

ily prepared cryostat sections of mouse brain, in whole mount

b 1529

transgenic zebrafish larvae and, most importantly, in 7 pm post-
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mortem formalin-fixed paraffin-embedded human brain tissue. We
have also shown that the uptake of synaptic material is elevated in
AD. Continued use of GSDIM will benefit from addressing certain
limitations encountered here: reducing background fluorescence,
for example, by using thinner tissue sections or by the deactivation
of out-of-focus fluorophores as has been demonstrated elsewhere
(Dani et al., 2010); by taking greater advantage of the total internal
reflection fluorescence (TIRF) capability of the system used here to
limit the focal depth of the lasers; by fitting the microscope with a
motorized stage and expanding the available software features to
include a tilescan and quick spiral functionalities to enable larger
previews and automated sampling methodologies as the manual
stage operation of the system used here would make it difficult to
undertake a larger sampling regime; and increasing sample size with
additional consideration for the impact of biological variables such
as sex. Lastly, the methods presented here allowed for imaging of
human brain samples even with extended storage and the unequivo-
cal identification of Syp/Ibal co-localized puncta as evidence of con-
tact between synapses and microglia processes.
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