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Abstract
The formation and maintenance of highly polarized neurons critically depends on the
proper organization of the microtubule (MT) cytoskeleton. In axons, MTs are uniformly
oriented with their plus-end pointing outward whereas in mature dendrites MTs have
mixed orientations. MT organization and dynamics can be regulated by MT-associated
proteins (MAPs). Plus-end tracking proteins are specialized MAPs that decorate plus-
ends of growing MTs and regulate neuronal polarity, neurite extension, and dendritic
.017 127



128 CHAPTER 5 Nanoscopy of the neuronal microtubule network
spine morphology. Conventional fluorescence microscopy enables observation of specific
cellular components through molecule-specific labeling but provides limited resolution
(w250 nm). Therefore, electron microscopy has until now provided most of our knowl-
edge about the precise MT organization in neurons. In the past decade, super-resolution
fluorescence microscopy techniques have emerged that circumvent the diffraction limit of
light and enable high-resolution reconstruction of the MT network combined with
selective protein labeling. However, preserving MT ultrastructure, MAP binding, high
labeling density, and antibody specificity after fixation protocols is still quite challenging.
In this chapter, we provide an optimized protocol for two-color direct stochastic optical
reconstruction microscopy imaging of neuronal MTs together with their growing plus-
ends to probe MT architecture and polarity.
INTRODUCTION

Neurons are highly polarized cells organized in multiple branched dendrites, a long
axon, and a cell body. This morphological organization underlies specific functions
for each compartment. Axons generate and propagate action potentials from the cell
body to other target cells, whereas dendrites receive those inputs from multiple other
axons. The signal transmission from the axon to dendrites occurs via a polarized and
asymmetric structure, the synapse. This morphological and functional compartmen-
talization presents major challenges for sorting and distribution of subcellular com-
ponents but also for synapse to nucleus communication (Kapitein & Hoogenraad,
2011; Panayotis, Karpova, Kreutz, & Fainzilber, 2015). It is therefore not surprising
that impairment in intracellular transport has been linked to neuronal and synaptic
malfunctioning and certain neurodegenerative diseases such as Alzheimer’s disease,
Huntington’s disease and Amyotrophic lateral sclerosis (Encalada & Goldstein,
2014; Millecamps & Julien, 2013).

To establish and maintain such a high degree of polarity, cytoskeletal motor pro-
teins transport basic building blocks along polarized cytoskeletal biopolymers, such
as actin filaments (F-actin) and microtubules (MTs). MTs serve as tracks for both
kinesin and dynein motor proteins, which move in opposite directions toward the
plus- and minus-ends of MTs, respectively (Hancock, 2014; Hirokawa, Niwa, &
Tanaka, 2010). MTs are hollow tubes with a diameter of 25 nm consisting of 13 pro-
tofilaments of alpha- and beta-tubulin heterodimers. They are highly dynamic and
continuously switch between phases of growth and shrinkage, a property called dy-
namic instability. MT organization and dynamics can be regulated by the tubulin
GTPase activity, tubulin isoforms, posttranslational modifications (PTMs) of tubulin
and by MT-associated proteins (MAPs) (Atherton, Houdusse, & Moores, 2013;
Janke & Kneussel, 2010). Plus-end tracking proteins, such as end-binding (EB) pro-
teins, are specialized MAPs that decorate plus-ends of growing MTs (Akhmanova &
Steinmetz, 2008). They regulate MT plus-end dynamics, attach and stabilize MTs at
the cell cortex, interact with motor proteins, and recruit signaling factors. In contrast
to MT plus-ends, MT minus-ends are believed to be much more stable and are tar-
geted by the g-tubulin ring complex and its interacting partners, as well as by the
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calmodulin-regulated spectrin-associated protein (CAMSAP)/Nezha/Patronin fam-
ily (Baines et al., 2009; Goodwin & Vale, 2010; Kollman, Merdes, Mourey, &
Agard, 2011; Yau et al., 2014). While the g-tubulin ring complex is required for
MT nucleation, CAMSAPs proteins regulate MT minus-end growth and stability
leading to the formation of CAMSAP-decorated stretches (Hendershott & Vale,
2014; Jiang et al., 2014; Yau et al., 2014).

MTs are present throughout neuron development in the cell body, axons, and
dendrites (Conde & Caceres, 2009). Early work, using the hook-decoration method
combined with electron microscopy (EM), reveal that in axons MTs are uniformly
oriented with their plus-end pointing outward, whereas in mature dendrites MTs
have mixed orientations (Baas, Black, & Banker, 1989; Baas, Deitch, Black, &
Banker, 1988; Burton, 1988). Remarkably, a proximal axotomy induces a major
reorganization of dendritic MTs into a uniform array of plus-end out MTs, leading
to a newly formed axon (Gomis-Ruth, Wierenga, & Bradke, 2008; Stone, Nguyen,
Tao, Allender, & Rolls, 2010; Takahashi, Yu, Baas, Kawai-Hirai, & Hayashi, 2007).
These observations demonstrate the great importance of properly organizing MT
orientations in neurons. It is therefore not surprising that plus- and minus-end
MT-binding proteins regulate neuronal polarity, axon specification, axonal transport,
dendritic branch formation, dendritic spine morphology, and synaptic plasticity
(Conde & Caceres, 2009; Gu et al., 2006; Jaworski et al., 2009; Nakata & Hirokawa,
2003; Yau et al., 2014).

To understand how the precise organization of the MT network contributes to
neuronal polarity and selective transport, a detailed reconstruction of the spatial dis-
tribution of MTs, as well as their lengths and orientations is required for the cell
body, dendrites, and axons. Over the past decades, fluorescence microscopy enabled
observation of specific cellular components through molecule-specific labeling.
However, conventional fluorescence microscopy is limited by the diffraction of
light, giving a limited resolution of w250 nm in the lateral direction, whereas
many subcellular structures are typically below the diffraction limit. For instance,
inter-MT spacing in dendrites and axons are thought to be of 60e70 nm and 20e
30 nm, respectively (Chen, Kanai, Cowan, & Hirokawa, 1992). During the last
decade, different super-resolution fluorescence microscopy techniques have
emerged that allow to circumvent the diffraction limit of light (Huang, Bates, &
Zhuang, 2009). In structured illumination microscopy (SIM), the spatial resolution
is increased by applying a patterned illumination on the sample. Although it has a
limited lateral resolution (w100e150 nm), SIM is well suited for three-dimensional
live imaging of multicellular organisms (Schermelleh et al., 2008; Shao, Kner, Rego,
& Gustafsson, 2011; York et al., 2012). In Simulated Emission Depletion
Microscopy (STED), resolution increase is obtained by shrinking the point spread
function (PSF) of a confocal microscope by overlaying the excitation beam by a
doughnut-shaped depletion beam that depletes a doughnut around the focus from
excited molecules by stimulated emission. STED can reach a resolution of
w30 nm and deep tissue and in vivo can be performed (Berning, Willig, Steffens,
Dibaj, & Hell, 2012; Urban, Willig, Hell, & Nagerl, 2011). However, high-power
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laser used for STED induces high photobleaching and requires high labeling density.
Reversible saturable optical fluorescence transitions (RESOLFT) microscopy over-
come those drawbacks by exploiting reversibly photoswitchable fluorophores (Hof-
mann, Eggeling, Jakobs, & Hell, 2005; Testa et al., 2012). Single molecule
localization microscopy (SMLM) is based on stochastic switch between “on” and
“off” states of fluorescent molecules and localization of the clearly resolved individ-
ual fluorophores. Among SMLM, photoactivation localization microscopy (PALM)
makes use of photo-switchable fluorescent proteins, stochastic optical reconstruc-
tion microscopy (STORM) uses the photoswitching of dye pairs or dyes blinking be-
tween the fluorescent and dark state (dSTORM, direct STORM), while ground-state
depletion and single-molecule return (GSDIM) makes use of dyes switching be-
tween the triplet state and the dark state (Betzig et al., 2006; Folling et al., 2008;
van de Linde et al., 2011; Rust, Bates, & Zhuang, 2006). So far, SMLM has reached
the highest lateral resolution on biological samples (below 10 nm) and has enabled
multicolor three-dimensional imaging as well as live single-particle tracking (Bates,
Huang, Dempsey, & Zhuang, 2007; Huang, Wang, Bates, & Zhuang, 2008; Manley
et al., 2008; Xu, Babcock, & Zhuang, 2012). However, deep tissue and in vivo im-
aging is still a challenge and high labeling density is required (Dani, Huang, Bergan,
Dulac, & Zhuang, 2010; Jones, Shim, He, & Zhuang, 2011).

SMLM has already provided a better understanding into how protein organiza-
tion and dynamics underlies neuronal signaling. For instance, recent studies describe
the nanoscale organization of neurotransmitter receptors, postsynaptic scaffolds, and
F-actin in dendritic spines (Chazeau et al., 2014; Dani et al., 2010; MacGillavry,
Song, Raghavachari, & Blanpied, 2013; Nair et al., 2013; Tatavarty, Das, & Yu,
2012; Tatavarty, Kim, Rodionov, & Yu, 2009). Another recent breakthrough was
the discovery of actin ring-like structures of w190 nm periodicity throughout the
axon (Xu, Zhong, & Zhuang, 2013; Zhong et al., 2014). This periodicity was also
found for other axon components such as spectrins, ankyrin-G, and voltage-gated
sodium channels, which could therefore influence how action potentials are gener-
ated and propagated. Although SMLM has provided new insights into F-actin nano-
scale organization in different neuron compartments, much less is known about the
neuronal MTorganization. Recently, our laboratory uncovered the subcellular local-
ization of the MT minus-end-binding protein CAMSAP2 in hippocampal neurons
using two-color dSTORM imaging (Yau et al., 2014). However, preserving MT
ultrastructure MAPs binding, high labeling density, and antibody specificity after
fixation is still quite challenging. We therefore provide in this chapter an optimized
protocol for two-color dSTORM imaging of the dense neuronal MT network, while
preserving the labeled plus-ends of growing MTs.
1. RATIONALE AND RESULTS
Most of our knowledge about precise MT organization in neurons is based on early
EM experiments. Indeed, EM has been able to determine MT organization, polarity,
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and interspacing in axonal and dendritic bundles (Baas et al., 1988; Burton, 1988;
Chen et al., 1992; Yu, Ahmad, & Baas, 1994). However, EM experiments are
typically based on a small subset of neurons, and it remains very challenging to
combine systematic three-dimensional EM reconstructions with selective labeling
of proteins. Therefore, super-resolution fluorescence microscopy and in particular
SMLM provides an alternative approach by enabling high-resolution reconstruction
of MT networks combined with selective protein labeling such as MAPs. As for EM,
obtaining high-quality dSTORM images rely on precise fixation protocols in order
to preserve ultrastructural details.

Methanol (MeOH) fixation is often used as a fixative for MT immunocytochem-
istry (ICC) and conventional diffraction-limited microscopy. MeOH induces dehy-
dration of cells and protein precipitation, resulting in protein denaturation. This
induces artifacts in the cellular structure affecting the quality of EM (Schnell,
Dijk, Sjollema, & Giepmans, 2012) and SMLM images. Paraformaldehyde (PFA)
and glutaraldehyde (GA) are cross-linker fixatives. They covalently link protein res-
idues intra- and intermolecularly and provide a better preservation of MT structure.
PFA is a small molecule that penetrates quickly into tissue but its chemical reaction
with proteins occurs slowly. On the other hand GA is a stronger fixative, with a fast
chemical reaction with proteins, but penetrates tissue slowly (Kiernan, 2000).
Considering in vitro preparations such as cell cultures, tissue penetration is not a ma-
jor issue and GA should be a faster fixative than PFA. However, ICC can be severely
impaired by GA fixation; autofluorescence due to excess aldehyde groups in the cell
environment can be a major concern. Therefore, a combination of PFA and GA as a
fixative can be used. However, an additional challenge in using PFA/GA is that such
fixation often blocks the epitope for specific antibodies, and thereby prevent the se-
lective labeling of specific structures.

In addition, cytoskeletal components such as F-actin and MT are also present in
cell in soluble forms. Whereas MeOH fixation will not preserve these soluble frac-
tions, cross-linking by PFA and GAwill fix those soluble fractions and increase the
fluorescence background of samples. An extraction protocol was established for
preserving actin ultrastructure during EM sample preparations and can be performed
either before or during fixation (Auinger & Small, 2008; Jones, Korobova, &
Svitkina, 2014; Korobova & Svitkina, 2008; Small, Rottner, Hahne, & Anderson,
1999). This extraction step permeabilizes the cell membrane to enable removal of
soluble proteins and reduction of the fluorescence background. This protocol was
successfully used for dSTORM imaging of F-actin and MTs (Xu et al., 2012,
2013; Yau et al., 2014).

In order to generate high-quality two-color dSTORM images of MTs together
with specific MAPs, we are providing, in this chapter, some insights into how
different fixatives affect MT integrity, as well as labeling density and specificity.
Since MeOH is often used for MT ICC while extraction plus fixation was shown
to be the best for ultrastructure of cytoskeleton, we first performed dSTORM imag-
ing of a-tubulin in neurons with those different fixation methods (Figure 1).
Although the MT network seem to be preserved in the conventional fluorescence
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image in MeOH fixed samples, super-resolved images revealed disrupted and
discontinuous MTs (Figure 1(A)). Instead, by briefly incubating neurons with our
extraction buffer containing 0.25% GA and 0.3% Triton� X100 followed by 4%
PFA fixation at 37 �C (ExB-0.25%GA þ PFA 4% 37 �C; see Section 2.2 and 2.3),
MTs in the super-resolved image appeared as continuous well-defined tubes
throughout the neuron (Figure 1(B)). Although MeOH fixation has since been opti-
mized for MTs staining, it still requires a fourfold increase in tubulin antibody con-
centration and disrupts other cellular structures such as mitochondria and F-actin
(Whelan & Bell, 2015).

Since MT growing plus-ends are highly dynamic and unstable, we wondered
which fixation method could reliably preserve this structure. To probe growing
plus-ends, we imaged EB3-GFP in RPE cells and, for comparison, we tested pres-
ervation of more stable MT minus-ends by CAMSAP2-GFP imaging in HeLa cells
(Figure 2(A)). Cold MeOH fixation preserved MT plus-ends as well as minus-ends.
In contrast, room temperature 4% PFA fixation totally disrupted EB3-GFP localiza-
tion, while no effect was observed on CAMSAP2-GFP. Switching to 37 �C 4% PFA
slightly improved plus-end preservation probably by decreasing MT depolymeriza-
tion rates (Lodish et al., 2000). Fast and strong fixation with GA enabled preserva-
tion of EB3-GFP and CAMSAP2-GFP but significantly increased autofluorescence.
Treating the cells with our extraction/fixation protocol (ExB-0.25%GA þ PFA 4%
37 �C) greatly reduced autofluorescence background while preserving EB3-GFP
and CAMSAP2-GFP integrity, making this protocol comparable with MeOH
fixation.

As mentioned above, ICC can be severely impaired by GA. Indeed, whereas
protein denaturation in MeOH fixation allowed antibody binding to EB1 and EB3
epitopes and dSTORM imaging (Figures 1(C) and 2(B)), cross-linking by GA totally
or partially prevented monoclonal EB1 and polyclonal EB3 antibody binding,
respectively (Figure 2(B)). Thus, while the MT network ultrastructure was nicely
preserved, endogenous labeling of EBs was prevented. Fortunately, GA fixation
did not prevent the recognition of GFP by polyclonal anti-GFP antibodies
(Figure 2(B)). Therefore, two-color dSTORM imaging of MTs together with exog-
enously expressed plus- and minus-end-binding proteins can be reliably performed
(Figure 3 and Yau et al., 2014). In order to visualize MT growing plus-ends in neu-
rons, we make use of a GFP-MTþTIP as a general marker to visualize dynamic
growing MT plus-ends (Honnappa et al., 2009). By transfecting low concentrations
of GFP-MTþTIP in primary hippocampal neurons and making use of our extraction/
fixation protocol we can now localize growing MT ends on the dense neuronal MT
network (Figure 3).

In the following sections, we will provide our detailed protocol for two-color
dSTORM imaging of the neuronal MT network. We will focus on our sample
preparation for appropriate MT ICC, while preserving MT ultrastructure and
growing plus-ends in primary hippocampal cultured neurons. We will also pro-
vide a detailed protocol to collect, analyze and reconstruct two-color dSTORM
images.
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2. MATERIAL AND METHODS: SAMPLE PREPARATION
2.1 CULTURING AND TRANSFECTING PRIMARY HIPPOCAMPAL

NEURONS
Sample preparation is the first step in order to acquire a high-quality STORM image
of the neuronal cytoskeleton. Primary hippocampal cultures are prepared from em-
bryonic day 18 (E18) rat brains (Dotti, Sullivan, & Banker, 1988). We previously
provided a detailed protocol to culture medium-density primary hippocampal neu-
rons (Kapitein, Yau, & Hoogenraad, 2010). Briefly, neurons are plated on coverslips
coated with poly-L-lysine (30 mg/mL) and laminin (2 mg/mL) at a density of 75,000/
well. For dSTORM imaging of MTs at latter developmental stages (>DIV7), we
recommend a density of 50,000/well. Hippocampal cultures are then grown in Neu-
robasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 mM gluta-
mate, and penicillin plus streptomycin.

As previously described, hippocampal neurons are transfected using a lipophilic
transfection method (Lipofectamine 2000, Invitrogen; Kapitein et al., 2010). For low
expression levels of plus-end-binding proteins, we preferentially use a short synap-
sin promoter (Dittgen et al., 2004). Briefly, we mix 0.1 mg/well of GFP-MTþTIP
DNA plus 1.7 mg/well of pGW1 empty vector DNA (12 wells plate) with 3.3 mL
of Lipofectamine 2000 in 200 mL of preheated NB, incubate for 30 min, and then
add to the neurons in NB at 37 �C in 5% CO2 for 45e60 min. Neurons are washed
with NB and transferred in their original medium at 37 �C in 5% CO2 and fixed 36e
48 h latter.

As an alternative, lentivirus infection can also be performed. It enables a better
tuning of transfection efficiency and expression levels, increases transfection effi-
ciency in old neurons, better preserves neuronal health, and it can be used in other
preparations such as organotypic hippocampal slices cultures (Schätzle, Kapitein, &
Hoogenraad, 2015, in this book).
4% PFA fixation at 37 �C. Note that cold MeOH fixation, but not 4% PFA preserves EB3-GFP

localization. GA enables preservation of EB3-GFP, but increases autofluorescence and our

extraction/fixation protocol greatly reduces autofluorescence background while preserving

EB3-GFP. (B) Left panels: RPE cells stably expressing EB3-GFP, fixed with MeOH

(subsequently fixed with 4% PFA) or in the ExB-0.25%GA þ PFA 4% 37 �C condition. Right

panels: Cells were immunostained with either (top panels) primary monoclonal mouse anti-

EB1 antibody (1:100); (middle panels) polyclonal rabbit anti-EB3 antibody (1:300) or

(bottom panels) polyclonal anti-GFP antibody (1:500) and subsequently immunostained with

secondary goat anti-mouse A568 (1:500) or secondary goat anti-rabbit A568 (1:500). GA

totally or partially prevented monoclonal EB1 and polyclonal EB3 antibody binding,

respectively, but not polyclonal GFP antibody binding.
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2.2 ICC: BUFFERS, SOLUTIONS, EQUIPMENT
Phosphate-buffered saline (10X PBS from Lonza)
Milli-Q water
MeOH with 1 mM EGTA stored at �20 �C
4% PFA (from Merck) with 4% sucrose (without for nonneuronal cells) stored at
�20 �C
2% PFA (from Merck) with 2% sucrose (without for nonneuronal cells) for
postfixation.
10% GA (from Electron Microscopy Sciences) stored at 4 �C
Extraction buffer: 80 mM pipes (from Sigma), 7 mMMgCl2, 1 mM EGTA, 0.3%
Triton�X100, 150 mMNaCl, 5 mM D-glucose, and 0.25% GA, adjust pH to 6.9
with KOH and keep at 4 �C
10 mM NaBH4 in PBS 1X
Permeabilization buffer: 0.25% Triton� X100 in PBS
Blocking buffer: 2% w/v bovine serum albumine (BSA), 0.2% gelatin, 10 mM
glycine, 50 mM NH4CL in PBS, adjust pH to 7.4 (sterile filtered)
Monoclonal mouse anti-a-tubulin antibody (clone B-5-1-2, Sigma
Chemicals)
Monoclonal mouse anti-EB1 antibody (clone 5, BD Bioscience)
Polyclonal rabbit anti-EB3 antibody; produced in-house (Stepanova et al.,
2003)
Polyclonal rabbit anti-GFP antibody, (598, MBL)
Alexa Fluor� 647 (A647) goat anti-Mouse IgG (HþL) antibody (A21236,
Molecular Probes�, Life Technologies�)
Alexa Fluor� 568 (A568) goat anti-Rabbit IgG (HþL) antibody (A11036,
Molecular Probes�, Life Technologies�)
Alexa Fluor� 488 (A488) goat anti-Rabbit IgG (HþL) antibody (A11034,
Molecular Probes�, Life Technologies�)
Parafilm� M
Vacuum suction device
Orbital shaker
immunostained with primary monoclonal mouse anti-a-tubulin antibody (1:400) and

secondary goat anti-mouse A647 (1:400), marked as a-Tub-A647; and with polyclonal anti-

GFP antibody (1:400) and secondary goat anti-rabbit A488 (1:400), marked as GFP-

MTþTIP þ a-GFP-A488. (A) Conventional widefield image of a-Tub-A647 (left panel) and

GFP-MTþTIP þ a-GFP-A488 (middle panel) together with the merged image (right panel).

(B) Zoom of the depicted box shown in (A). (C) two-color SMLM images of the zoom shown

in (B); pixel size 10 nm. (D) Zoom of the depicted region shown in (C); pixel size 10 nm.

(E) Linescans (30 nm width) of MTs and GFP-MTþTIP on the zoom SMLM reconstruction.

(See color plate)
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2.3 ICC: PROTOCOLS
MeOH fixation: Remove the medium from the cells and gently add on the side of the
well 1 mL of the MeOH þ 1 mM EGTA solution. Incubate cells at �20 �C for
5 min. MeOH is removed, followed by 4% PFA fixation for 5 min at room temper-
ature. To remove leftover fixatives, samples are washed three times for 5 min each
with PBS 1X at room temperature on the orbital shaker. This fixation protocol was
performed for experiments shown in Figures 1(A, C) and 2(A, B).

PFA fixation: Remove the medium from the cells and gently add on the side of
the well 1 mL of 4% PFA for 10 min. For all samples, we recommend to preheat a
fresh PFA aliquot to 37 �C and perform the 10 min incubation at 37 �C
(Figure 2(A)). To remove the leftover PFA, samples are washed three times for
5 min each with PBS 1X at room temperature on the orbital shaker. This fixation
protocol was performed only for experiments shown in Figure 2(A).

GA fixation: Remove the medium from the cells and gently add on the side of the
well 1 mL of 0.25% GA (in PBS) for 10 min. To remove the leftover GA, samples
are washed three times for 5 min each with PBS 1X at room temperature on the
orbital shaker. This fixation protocol was performed only for experiments shown
in Figure 2(A). For autofluorescence, no differences were observed between room
temperature and 37 �C fixations (Figure 2(A)) but we still recommend performing
the 10 min incubation at 37 �C.

Extraction/fixation: Remove the medium from the cells and gently add on the side
of the well 1 mL of extraction buffer preheated at 37 �C. Incubate for 90 s in the
extraction buffer, remove it and add 1 mL of 4% PFA preheated at 37 �C. This fixation
protocol was performed for experiments shown in Figures 1(C), 2(A, B) and 3. To
remove the leftover fixatives, samples are washed three times for 5 min each with
PBS 1X at room temperature on the orbital shaker. This final washing step was, how-
ever, only performed for experiments shown in Figure 2(A) and (B).

Quenching autofluorescence: Autofluorescence due to excess aldehyde groups in
the cell environment can be a major concern when preparing dSTORM samples.
NaBH4 in PBS 1X reduces free aldehyde groups and can be used to quench auto-
fluorescence. This step is highly recommended when using GA fixation and was per-
formed for experiments shown in Figures 1(C) and 3. During fixation, freshly
prepare a solution of 10 mM NaBH4 in PBS 1X. Exchange fixatives with 1 mL of
10 mM NaBH4 in PBS 1X and incubate samples for 7 min. Since NaBH4 can
decrease blocking reagents reactivity, quickly wash it one time with PBS 1X fol-
lowed by two washes of 10 min each with PBS 1X on the orbital shaker.

Permeabilization: Exchange PBS 1X with 1 mL of the permeabilization buffer
and incubate for 7 min on the orbital shaker. This allows antibodies to easily enter
and access the antigens. This step has been performed in all fixation conditions
described above. However, because MeOH also permeabilizes the cellular mem-
brane by dissolving lipids, a permeabilization step can be dispensable. To remove
leftover Triton, samples are washed three times for 5 min each with PBS 1X at
room temperature on the orbital shaker.
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Blocking: Exchange PBS 1X with 1 mL of blocking buffer. The blocking buffer
contains reagents that will hinder the antibodies to bind nonspecifically to other pro-
teins. This promotes binding of antibodies to their epitopes.

Indirect ICC: For indirect ICC, we recommend the monoclonal mouse anti-a-
tubulin antibody and the rabbit anti-GFP antibody. Dilute the primary antibodies
in the blocking buffer to a concentration of 1:400 and drop on a Parafilm� layer
100 mL for each coverslip (18 mm). Transfer the coverslip from the blocking buffer
directly onto the drop with cells facing downward. Incubate for 1 h at room temper-
ature. Add fresh PBS 1X to the wells and transfer the coverslips back. To remove
unbound antibodies, samples are washed three times for 5 min at room temperature
on the orbital shaker. Meanwhile, dilute secondary antibodies in the blocking buffer
to a concentration of 1:400 and drop on a Parafilm� layer 100 mL for each coverslip.
Transfer the coverslip from the blocking buffer directly onto the drop and incubate
for 1 h at room temperature. To protect fluorescently labeled secondary antibodies
from light, we recommend performing the antibody incubation in a dark box and
covering the sample during all subsequent washes. Add fresh PBS 1X to the wells
and transfer the coverslips back. To remove unbound antibodies, samples are washed
three times for 5 min at room temperature on the orbital shaker.

Direct ICC: Alternatively to the indirect ICC, one can perform a direct ICC using
directly labeled anti-a-tubulin and GFP-targeting nanobodies (Ries, Kaplan,
Platonova, Eghlidi, & Ewers, 2012; Yau et al., 2014). We previously provided a
detailed protocol for efficient a-tubulin antibody labeling (Cloin, Hoogenraad,
Mikhaylova, & Kapitein, 2014). Dilute the primary labeled antibody and nanobody
in the blocking buffer to a concentration varying from 1:50 to 1:100 and drop on a
Parafilm� layer 100 mL for each coverslip. Transfer the coverslip from the blocking
buffer directly onto the drop with cells facing downward. Incubate for 1.5 h at room
temperature or overnight at 4 �C. Add fresh PBS 1X to the wells and transfer the
coverslips back. To remove unbound antibody/nanobody, samples are washed three
times for 5 min at room temperature on the orbital shaker.

PostICC fixation and sample preservation: To decrease antibody dissociation
over time, perform a postICC fixation with 2% PFA for 10 min. This will allow cross
linking of antibodies to the structure of interest and to each other. To remove the left-
over PFA, samples are washed three times for 5 min each with PBS 1X at room tem-
perature on the orbital shaker. Samples can be stored at 4 �C for several days in PBS
1X without any decrease in fluorescence intensity.
3. MATERIAL AND METHODS: IMAGE ACQUISITION AND
ANALYSIS

3.1 IMAGING: BUFFER, SOLUTIONS, EQUIPMENT
Microscope slides with single cavity (Globe Scientific)
D-Glucose
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b-Mercaptoethylamine (MEA, Sigma Chemicals, 1 M stock stored at �80 �C)
Catalase (Sigma Chemicals)
Glucose oxidase (Sigma Chemicals)
Imaging buffer: 5% w/v D-glucose, 5 mM MEA, 700 mg/mL glucose oxidase,
40 mg/mL catalase in PBS 1X
Vacuum suction device
Multichromatic 100 nm-beads (Tetraspeck�, Invitrogen)
18-mm coverslip, 130e160 nm thick (VWR)
Optical table, vibration isolated (TMC)
Nikon Ti microscope equipped with Perfect Focus System
100x Apo TIRF objective (NA 1.49; oil immersion)
2.5 Optovar to achieve 64 nm pixel size
15 mW 405 nm diode laser (Power Technology)
50 mW 491 nm DPSS laser (Cobolt Calypso)
40 mW 640 nm diode laser (Power Technology)
Andor DU-897D EMCCD camera
Neutral density filters to adjust 405 laser intensity (Thorlabs)
Acousto-optical tunable filter (AOTF, AA Opto Electronic)
Polychroic mirror (zt405/488/561/640rpc, Chroma)
Emission quad-band filter (zet405/488/561/640 nm-EM, Chroma)
3.2 IMAGING: PROTOCOLS
Sample incubation with fiducial markers: As wewill describe in the Section 3.3, drift
correction can be monitored with the use of multichromatic beads (Tetraspeck�
beads 100 nm). Your coverslip should be incubated with a 1:500 solution of Tet-
raspeck� beads in PBS 1X for 15e20 min and quickly washed three times with
PBS prior to mounting.

Imaging buffer preparation: For A647 transition into the dark state, fresh MEA is
required, we then recommend defreezing an aliquot of 1 mMMEA stored at�80 �C
on the day of your experiments. Aliquots of the glucose oxygen scavenging system
containing both glucose oxidase and catalase are stored at �80 �C. However, you
can keep a working solution at 4 �C for several weeks. Freshly prepare your imaging
buffer before mounting each coverslip.

Mounting: To mount the coverslip on the single cavity of the microscopy slide,
add 100 mL of imaging buffer to the cavity. Transfer the coverslip onto the cavity
with cells facing downward. Press gently on the coverslip and remove excess buffer
with the vacuum suction device until the coverslip is securely attach to the slide. The
reservoir should be closed in order to reduce influx of oxygen, also make sure they
are no air bubbles.

Imaging: Before starting the imaging at the desired position, set TIRF angle,
exposure time, and laser power intensities needed for sparse single-molecule den-
sity. For A647, the exposure time is set at 20e30 ms and for A488 or Atto488 at
30e40 ms; powers in the order of kW/cm2 in the sample plane are preferable. If
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using Tetraspeck� beads for drift correction, select an imaging window with at least
three beads surrounding the cell. Don’t forget to acquire conventional fluorescence
images for comparison with super-resolution reconstructions. To prevent bleaching
of A647 by illumination with 491 nm laser, start by A647 imaging. Before collecting
data, wait until A647 fluorophores switch into the dark state and reach a sparse sin-
gle-molecule density. Perform a stream acquisition for 5000e20,000 frames. The
density of single molecule per frame can be controlled by using 405 nm laser.
Sequential A488 streaming acquisition can then be performed. Acquire 5000 and
20,000 frames and also use 405 nm laser to control single-molecule density.

Scanning fiducial markers for chromatic aberration correction: If you previously
incubated your sample with Tetraspeck� beads, you can scan and acquire individual
beads from it. If not, at the end of your imaging session, incubate an 18-mm coverslip
with a 1:500 solution of Tetraspeck� beads in PBS 1X for 15e20 min and quickly
wash three times with PBS prior to mounting. Multiple images of beads are acquired
in both imaging channels. The main aim is to homogeneously cover the whole field of
view with approximate density of 2.5e3 beads’ images per square micrometer.
3.3 ANALYSIS AND RECONSTRUCTION
Fitting/Reconstruction: The super-resolved image is created by detecting the indi-
vidual fluorophores and subsequently plotting the probability density of their posi-
tions. Coordinates of the fluorophores are determined by fitting of 2D Gaussian
function with parameters of microscope’s PSF. For our analysis, we use an ImageJ
plugin developed in our lab: DoM (https://github.com/ekatrukha/DoM_Utrecht). A
variety of alternative detection/fitting methods have been described based on
wavelet segmentation and single-particle centroid determination (Izeddin et al.,
2012). Several alternative and freely available packages are available such as Quick-
PALM, RapidSTORM, and mManager (Edelstein, Amodaj, Hoover, Vale, &
Stuurman, 2010; Henriques et al., 2010; Wolter et al., 2012).

To detect fluorescent spots corresponding to single molecule, each image in an
acquired stack is convoluted with the two-dimensional mexican hat kernel matching
the microscope’s PSF size. The intensity histogram of the convolved image is fitted
to a Gaussian distribution and used to calculate the threshold intensity value (mean
value of the fit plus three standard deviations). The maximum intensity values within
individual spots are chosen as initial positions for the peaks’ fitting performed on the
original image. We used the unweighted nonlinear least squares fitting with Leven-
bergeMarquardt algorithm (Numerical Recipes 3rd Edition: The Art of Scientific
Computing, 2007) to the assumed asymmetric two-dimensional Gaussian PSF:

Iðx; yÞ ¼ Ibg þ Ic exp

 
� ðx� xcÞ2

2d2x
� ðy� ycÞ2

2d2y

!

where Ibg, Ic, xc, yc, dx, dy are free-fitting parameters. The fit provides coordinates
of a molecule xc and yc together with localization errors sx and sy. Only fits with dx

https://github.com/ekatrukha/DoM_Utrecht
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or dy values within �30% of the measured PSF’s, standard deviation are accepted.
Localizations within one pixel distance in a number of successive frames are
considered to arise from the same molecule. In this case, the weighted mean is
calculated for each coordinate, where weights are equal to inverse-squared local-
ization errors:

x ¼
P
i
xiwiP

i
wi

; wi ¼ 1

s2i
; s2 ¼ 1P

i
wi

where i is an index of successive frame, xi, si are coordinate and localization error of
intensity peak at frame i, and x, s are the final coordinate and the localization error of
the molecule. The output of the fitting process is a table containing: fluorophore x-
and y-coordinates, errors in their localization, peak and background intensities, and
other parameters such as a measure for PSF symmetry.

The resulted table with molecules’ coordinates and errors is used to render the
final localization image. Each molecule is plotted as a 2D Gaussian of the integrated
intensity equal to one and with standard deviations in each dimension equal to the
corresponding localization errors. For reconstruction of the super-resolved imaged,
two important parameters can be varied: pixel size of the reconstructed image and
cutoff value for localization error. According to Nyquist criterion, pixel size should
be at least twice as small as the desired resolution. For two-color imaging of MTs
together with plus- and minus-end MT-binding proteins, a pixel size between 10
and 20 nm gives optimal quality. Fluorophore localizations with high error can
blur the super-resolution reconstruction. In order to improve image quality, the cut-
off value for localization error can be used to select only fluorophores with a satis-
factory localization precision.

Drift correction: Sample drift is an important issue when considering high
localization accuracy. Sample drift during the relatively long imaging time can
be caused by thermal changes and mechanical perturbations. Drift can be moni-
tored by the use of fiducial markers adherent to the coverslip whose positions
can be tracked in x and y. This approach is ideal for samples with low numbers
of localization. However, this approach can be time-consuming when considering
the preincubation step of fiducial markers for each coverslip (see Section 3.2) and
the probability of finding a transfected neuron with the appropriate number and
nicely localized Tetraspeck� beads. We therefore often use another method for
drift correction based on calculating the spatial cross-correlation function between
intermediate super-resolved reconstructions (Mlodzianoski et al., 2011). Briefly,
the total number of acquired frames is divided in subsets of 500e1000 frames to
generate intermediate super-resolved reconstructions. The table of spatial cross-
correlation coefficients for various x and y shifts is calculated between each two
subsequent intermediate reconstructions and the shift giving the highest correla-
tion coefficient is chosen. The array of shifts in x- and y- coordinates is applied
to the each frame of detected results table by linearly approximating its values be-
tween consecutive subsets.
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Chromatic aberration correction: For two-color imaging, correction of chro-
matic aberrations induced in the imaging path is performed using TetraSpeck�
beads. Use the stacks obtained by scanning immobilized Tetraspeck� beads to
calculate two consecutive corrections (see Section 2.2). First, a rigid translational
correction accounting for the x and y displacement of one-color channel with respect
to another is performed. We are using the maximum projection images of beads in
two separate channels and align them using subpixel registration (Guizar-Sicairos,
Thurman, & Fienup, 2008). Second, a nonrigid “deformation” within the field of
view is performed using Gaussian-fitted positions of beads. We used a point-based
registration of 32 � 32 cells containing a B-spline grid (Rueckert et al., 1999)
(http://www.mathworks.com/matlabcentral/fileexchange/20057-b-spline-grid–image-
and-point-based-registration), which allows correcting chromatic aberrations with an
average error of about 10 nm for the described bead density.
CONCLUSION AND PERSPECTIVES

Super-resolution fluorescence microscopy has become a valuable tool in the field of
neurobiology and has already unraveled the nanoscale organization of protein com-
plexes in different neuronal compartments. Here, we have described a simple proto-
col for high-quality two-color dSTORM imaging of MTs together with their
growing plus-ends. We described our sample preparation, image collection proce-
dure, and analysis. We also provide some insights about how different fixatives
might affect MT integrity and epitope recognition. Our protocol can also be
extended for two-color imaging of MTs together with endogenous labeling of other
MAPs and PTMs of tubulin. However, the turnover rate of MAPs on the MT cyto-
skeleton should be considered when performing an extraction/fixation protocol and
antibody binding and specificity should also be tested with different fixatives. To
detect PTMs such as polyglutamylation of tubulin, a prefixation with dithiobis
succinimidyl propionate was shown to be necessary for midbody MTs (Magiera
& Janke, 2013). Finally, other sample preparation protocols have previously been
describe for STORM imaging of the cytoskeleton and should be carefully consid-
ered, especially when performing two-color imaging together with organelles
(Allen, Ross, & Davidson, 2013; Dempsey, 2013; Whelan & Bell, 2015; Xu
et al., 2012).

More recently, the development of new molecular tools has started a new era for
super-resolution microscopy. First, further development of recombinant antibody-
like proteins or CRISPR/Cas9 technology will allow better tagging of endogenous
proteins in neurons (Gross et al., 2013; Hsu, Lander, & Zhang, 2014; Incontro, Asen-
sio, Edwards, & Nicoll, 2014). Second, photoswitchable fluorophores are continu-
ously being optimized, enabling, for instance, reliable correlative super-resolution
fluorescence microscopy and EM (Paez-Segala et al., 2015; Watanabe et al.,
2011). Third, site-specific protein labeling techniques such as Snap-Tag technology
was combined with dSTORM imaging to allow live super-resolution microscopy in

http://www.mathworks.com/matlabcentral/fileexchange/20057-b-spline-grid--image-and-point-based-registration
http://www.mathworks.com/matlabcentral/fileexchange/20057-b-spline-grid--image-and-point-based-registration
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three dimensions with a spatial resolution of w30 nm in the lateral direction and
w50 nm in the axial direction (Jones et al., 2011; Klein et al., 2011). Finally, by
linking DNA-PAINT docking strands to antibodies, multiplex SMLM can be
achieved (Jungmann et al., 2014, 2010). Further implementation of these techniques
should pave the way toward a better understanding of the connection between the
MT nanoscale organization and polarized transport in neurons.
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