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Single-Molecule Localization Microscopy of Subcellular
Protein Distribution in Neurons

Jelmer Willems, Manon Westra, and Harold D. MacGillavry

Abstract

Over the past years several forms of superresolution fluorescence microscopy have been developed that offer
the possibility to study cellular structures and protein distribution at a resolution well below the diffraction
limit of conventional fluorescence microscopy (<200 nm). A particularly powerful superresolution tech-
nique is single-molecule localization microscopy (SMLM). SMLM enables the quantitative investigation of
subcellular protein distribution at a spatial resolution up to tenfold higher than conventional imaging, even
in live cells. Not surprisingly, SMLM has therefore been used in many applications in biology, including
neuroscience. This chapter provides a step-by-step SMLM protocol to visualize the nanoscale organization
of endogenous proteins in dissociated neurons but can be extended to image other adherent cultured cells.
We outline a number of methods to visualize endogenous proteins in neurons for live-cell and fixed
application, including immunolabeling, the use of intrabodies for live-cell SMLM, and endogenous tagging
using CRISPR/Cas9.
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1 Introduction

Fluorescence microscopy is instrumental for the investigation of
subcellular protein organization which is critical to understand
cellular function in health and disease. The development of super-
resolution microscopy techniques such as single-molecule localiza-
tion microscopy (SMLM) has tremendously increased the ability to
resolve protein distribution achieving resolution below 30 nm.
SMLM relies on the sequential acquisition of sparse, single emitting
fluorophores that label a structure of interest. The spatial isolation
of individual fluorescent events allows the accurate localization of
the center point of each emission event with nanometer precision.
Together, the spatial coordinates of individual localizations
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accumulated over thousands of frames are used to reconstruct a
superresolved image [1] (Fig. 1a). Importantly, in SMLM the
resolution of the image is no longer determined by the diffraction
limit but relies on the localization precision of fluorophores and the
density of localized molecules that label the structure of interest.
The localization precision (σ) is determined by a number of factors
such as background noise and pixel size [2], but is mostly depen-
dent on the number of photons (N) emitted by the fluorophore as:

σ ¼ 1
ffiffiffiffiffi

N
p

The localization density equally contributes to the resolving
power: too few localizations will result in a poor reconstruction of
the structure of interest. This can be formalized based on the
Nyquist-Shannon sampling criterium such that to achieve a certain
resolution, fluorophores have to be sampled at a density at least
twice as high as the desired spatial frequency [3]. It is therefore
important to optimize labeling strategies to achieve a high labeling
density.

In the recent years, a multitude of SMLM approaches have
been developed, including techniques such as photoactivated local-
ization microscopy (PALM) [4, 5], (direct) stochastic optical
reconstruction microscopy (d)STORM) [6, 7], point accumulation
for imaging in nanoscale topography (PAINT) [8] and MINFLUX
[9]. Here, we will describe the use of PALM and (d)STORM
(Fig. 1b). In PALM, a low-power activation laser is used to stochas-
tically photoactivate or photoconvert subsets of fluorescent pro-
teins in the active state. The most commonly used fluorescent
protein is mEos3.2, which switches from green to red fluorescence
upon illumination by 405 nm light and yields relatively high pho-
ton counts [10]. In (d)STORM reversible blinking of organic dyes
is induced by high-intensity laser power under reducing buffer
conditions resulting in the reversible transition of the fluorophores
into a long-lived dark state [11, 12]. Organic dyes can be coupled
to a protein of interest via dye-conjugated antibodies or using self-
labeling enzymes like Halo- [13], SNAP- [14], and CLIP-tags
[15]. Dyes suitable for dSTORM include but are not limited to
Alexa 647 and JF646 (see Note 1).

The different SMLM approaches each have their own advan-
tages and disadvantages and the choice for the optimal technique
ultimately depends on the goal of the experiment and which type of
results would allow for testing the hypothesis [16–18]. This is
especially true for SMLM experiments, which often involve exten-
sive postimaging analysis [19]. For example, STORM imaging
usually yields more localization events than PALM due to signal
amplification by immunolabeling. Also, the organic dyes used for
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STORM imaging yield a higher photon count, and thus generally
result in a higher localization precision [10, 12]. On the other
hand, PALM imaging is compatible with live-cell imaging, and
does not require fixation and additional labeling steps, and thus
effectively preserves ultrastructure.

For every fluorescence imaging technique, but particularly for
SMLM, the method used to label a protein of interest is critical, as
the quality of the final image depends on the properties of the
fluorophore, coupling distance of the fluorophore to the protein
of interest and labeling density but is also highly sensitive to exper-
imental alterations that affect protein organization [20, 21]. Ideally,
the labeling strategy should thus allow the visualization of endoge-
nously expressed proteins using a small tag or label that yields a
high signal to noise ratio, and that preserves the cellular ultrastruc-
ture (also see Note 2). We recently developed a CRISPR/Cas9-
based genome editing toolbox that enables the accurate tagging of
endogenous proteins in neurons, allowing the investigation of
native protein complexes [22]. Importantly, this approach omits
the need for specific antibodies and does not rely on overexpression
of proteins that could have adverse effects.

Here we describe a SMLM protocol with three parallel work-
flows, each using a different labeling strategy (1) live-cell PALM
using expression of mEos3.2-fused intrabodies recognizing the
synaptic scaffold protein PSD-95 [23], and dSTORM making use
of either (2) endogenous tagging with HaloTag [13, 22], or
(3) conventional labeling using antibodies (Fig. 2a). This protocol
aims to provide a starting point for setting up SMLM experiments
and thus elaborates on several important experimental steps in
Subheading 4. Additionally, we describe several considerations for
data processing and visualization steps. As examples, the
approaches are used to superresolve the distribution of endogenous
synaptic receptor proteins and their scaffolds in dissociated

Fig. 1 Principle of single-molecule localization microscopy. (a) Single emitters are recorded over a large
number of frames. Each identified event is fitted to localize the centroid position of the fluorophore. Together,
these localizations form the reconstructed image, which is no longer diffraction limited. (b) PALM: fluor-
ophores change their emission spectrum upon activation with 405 nm laser. STORM: fluorophores can
reversibly switch between dark, nonemissive and bright, emissive states in a stochastic manner
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hippocampal rat neurons, but the described methodologies are, in
principle, applicable to other adherent cell types.

2 Materials

2.1 Cell Culture and

Transfection

1. Dissociated rat hippocampal cultures on 18-mm coverslips in
1 mL neuronal culture medium.

2. BrainPhys neuronal medium.

3. BP full medium: BrainPhys neuronal medium, 2% (v/v) Neu-
roCult SM1 neuronal supplement and 1% penicillin–
streptomycin.

4. BP incubation medium: BrainPhys neuronal medium,
0.5 mM L-glutamine.

5. Lipofectamine 2000.

6. Water bath 37 �C.

7. Cell culture incubator (37 �C, 5% CO2).

8. DNA plasmids: pORANGE GluA1-HaloTag knock-in [22]
and PSD95.FingR-mEos3.2 [23].

Fig. 2 SMLM experimental workflow. (a) Experimental workflow for 1. PALM imaging of mEos3.2, 2. dSTORM
imaging of Halotag on endogenously tagged proteins, and 3. dSTORM imaging of endogenously labeled
proteins. (b) Top: mounting of the coverslip upside down on a concave slide filled with STORM buffer. Bottom:
mounting of the coverslip with live cells in a Ludin chamber with extracellular buffer on top. (c) Visualizing the
different angles of the laser through the sample for epifluorescence, oblique illumination and TIRF imaging.
POI, protein of interest
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2.2 HaloTag Labeling 1. HaloLigand-JF646 stock: 140 μg/mL in DMSO. Store as 1 μL
single-use aliquots at �20 �C. Protect from direct light.

2. Humidified incubation chamber (plastic tray, wrapped in alu-
minum foil and with some moist tissues).

2.3 Fixation and

Immunolabeling

1. PEM buffer: 80 mM PIPES, 2 mM MgCl2, 5 mM EGTA,
pH 6.8. Filter before use (<0.3 μm filter). Store at 4 �C for a
maximum of 2 weeks.

2. PFA (EM grade 32% glass ampoule). After opening, store at
4 �C in a closed tube. Warning: PFA is toxic, and quite volatile.
Take proper safety precautions.

3. Fixative PEM-PFA: Dilute PFA 1:8 in PEM buffer to obtain a
4% PFA solution. Prepare fresh.

4. Phosphate buffered saline (PBS).

5. PBS-Gly: 0.1 M glycine in PBS.

6. Blocking buffer (prepare fresh): 10% (v/v) normal goat serum
(NGS), 0.1% (v/v) Triton X-100 in PBS-Gly.

7. Antibody buffer (prepare fresh): 5% (v/v) normal goat serum
(NGS), 0.1% (v/v) Triton X-100 in PBS-Gly.

8. Humidified incubation chamber (plastic tray, wrapped in alu-
minum foil and with some moist tissues).

9. Primary antibody: mouse anti-Bassoon (Enzo, RRID
AB_10618753).

10. Secondary antibody: goat anti-mouse Alexa 647.

2.4 Imaging Buffers

and Mounting

1. GLOX: 70 mg/mL glucose oxidase, 4 mg/mL catalase in PBS.
Snap-freeze ~10 μL aliquots and store at �80 �C for up to a
year. Keep thawed aliquots for maximum 1 week at 4 �C.

2. MEA stock: 1 M cysteamine in 150 mM HCl. Store as ~10 μL
single-use aliquots at �80 �C for maximum 1 year. MEA is
sensitive to oxygen. Prevent exposure of the powder or dis-
solved solution to air as much as possible.

3. Tris-glucose buffer: 50 mM Tris, 10 mM NaCl, 10% (w/v)
glucose, pH 8.0. Filter through 0.2 μm filter. Store at 4 �C for
up to 2 weeks, but check before use as the glucose in this buffer
makes it prone to contamination.

4. STORM-buffer (prepare fresh for each coverslip, just before
mounting): Add 1 μL GLOX and 0.5–2 μL MEA to 100 μL
Tris-glucose buffer. Preferably, prewarm the Tris-glucose
buffer.

5. Extracellular buffer: 10 mM HEPES, 120 mM NaCl, 3 mM
KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, pH 7.35.
Store at 4 �C for up to 2 weeks, but check before use as the
glucose in this buffer makes it prone to contamination.
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6. Concave mounting slide (for dSTORM) (Fig. 2b).

7. Vacuum pump.

8. Ludin chamber/imaging ring (for PALM) (Fig. 2b).

2.5 Microscope

Setup

The imaging system described here is the setup used in our labora-
tory but can serve as an example to lay out the principal require-
ments for a suitable microscope setup. We use the commercially
available Nanoimager microscope (Oxford Nanoimaging; ONI),
equipped with a 100� oil-immersion objective (Olympus Plan
Apo, NA 1.4) and a XYZ closed-loop piezo stage. Imaging lasers are
561 nm and 640 nm (>200 mW). Activation laser is 405 nm
(>50 mW). An adjustable mirror for adjusting the angle of illumi-
nation. Camera for fluorescence detection: sCMOS (ORCA Flash
4, Hamamatsu), with an effective pixel size of 117 nm (seeNote 3).
Integrated filters are used to split far-red emission onto the right
side of the camera and blue-green-red emission spectra on the left
side. The imaging chamber can be temperature controlled. Con-
tinuous feedback control over the focus position is critical. This is
built into some microscope models (as is the case for the NanoI-
mager), or can be added with separate accessories.

2.6 Software Integrated ONI software is used for detection and fitting of single-
molecule blinking events. Alternatively, freely available options can
be used: 3D-Daostorm [24], Picasso [25], Thunderstorm [26],
DoM [27], ZOLA-3D [28], Fit3Dspline (integrated into SMAP)
[29], SMAP [30], and Decode [31]. For additional processing
steps, we use MATLAB.

3 Methods

All steps are performed at room temperature, unless mentioned
otherwise. See Fig. 2a for a flowchart indicating which steps to
follow for each individual method.

For direct labeling with antibodies, go to Subheading 3.3.

3.1 Transfection of

Dissociated

Hippocampal Rat

Neurons

Perform all steps in a sterile flow hood. DNA plasmids for the
generation of a Halo knock-in are transfected on day in vitro
(DIV) 3, and those expressing an intrabody on DIV 14 (see Note
4).

1. Prepare fresh 300 μL BP incubation medium and 500 μL BP
full medium for each coverslip to be transfected. Warm to
37 �C.

2. Prepare the lipofectamine mix by diluting 3.3 μL Lipofecta-
mine 2000 in 100 μL BrainPhys neuronal medium (without
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supplements) per coverslip to be transfected. Incubate for
5 min at room temperature.

3. For each coverslip, prepare a 1.5 mL microtube with 1 μg of
DNA and add 100 μL BrainPhys neuronal medium (without
supplements).

4. Add the lipofectamine mix to the DNA mix, gently mix using a
pipette and incubate 30 min. DNA-Lipofectamine complex is
stable for several hours at room temperature.

5. Transfer 50% (500 μL) of the conditioned medium from each
well to a new 12-wells plate. Add 500 μL fresh BP full medium
to each well of this new plate. Place this ‘new plate’ in the
incubator.

6. Add 300 μL BP incubation medium to each coverslip with
neurons.

7. Using a pipette, gently drop the DNA-Lipofectamine mix onto
the cells and place the plate in the incubator for 1–2 h.

8. Transfer the coverslips to the ‘new plate’.

9. Grow the neurons until DIV 21. Refresh half the medium with
new BP full medium once a week.

For HaloTag labeling, go to Subheading 3.2. For PALM imag-
ing, go to Subheading 3.5.

3.2 Live-Cell HaloTag

Labeling

See Note 5 for more information about self-labeling enzymes.
During the labeling procedure, prevent exposure to direct light

as much as possible.

1. Prepare an incubation chamber with a piece of parafilm.

2. Dilute the HaloLigand (JF646) 1:1000 in conditioned
medium (1 mL medium is enough for 12 coverslips). Mix
well by pipetting up and down.

3. Place drops of ~80 μL on the parafilm and gently place the
coverslips upside down on these drops. Place the incubation
chamber in the incubator (37 �C, 5% CO2) for 15 min.

4. Transfer the coverslips back to the conditioned medium and
continue with fixation (Subheading 3.3) (see Note 5).

3.3 Fixation See Note 6 for more information about the importance of fixation
and other methods.

1. Freshly prepare and prewarm PEM-PFA mixture at 37 �C.

2. Remove medium from cells using a vacuum pump and add
500 μL fixative to the coverslip. Perform this step according
to the PFA MSDS and handling protocols.

3. Incubate for 5–10 min with PEM-PFA.
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4. Wash 3 times 5 min with PBS-Gly (1 mL). Samples can be
stored and kept stable for several days at 4 �C in PBS.

In case of no antibody staining, go to Subheading 3.5.

3.4 Immunolabeling 1. Incubate coverslips with ~250 μL blocking buffer and incubate
for 1 h at 37 �C (see Note 7).

2. Prepare primary antibody dilutions in antibody buffer (50 μL
per coverslip).

3. Prepare an incubation chamber with parafilm. Place drops
(~50 μL) with the antibody mixture on the parafilm and gently
place the coverslips upside down on the drops.

4. Incubate for 2 h at room temperature or overnight at 4 �C (see
Note 7).

5. Wash three times 5 min with PBS-Gly.

6. Dilute secondary Alexa 647-conjugated antibodies 1:400 in
antibody buffer (50 μL per coverslip).

7. Incubate the coverslips as in step 3 for 1 h (at room
temperature).

8. Wash three times 5 min with PBS-Gly.

9. Postfixation (optional): Wash once with PBS (no glycine) and
perform another fixation with PEM-PFA for 5 min, and wash
three times with PBS-Gly (see Note 8).

10. Store the coverslips in PBS until mounting. Samples remain
stable for several days if kept at 4 �C and protected from light.

3.5 Sample

Preparation and

Mounting

3.5.1 Live-Cell PALM

1. Preheat the microscope chamber to 37 �C.

2. Preheat extracellular buffer to 37 �C and filter (<0.3 μm filter).

3. Mount the coverslip in an imaging ring or Ludin chamber
(Fig. 2b). Gently wash the coverslip once with extracellular
buffer before adding up to 500 μL of extracellular buffer as
final volume. Handle cells with care, try to avoid cells from
drying and pipette slowly.

4. Continue at Subheading 3.6.

3.5.2 dSTORM 1. Preheat the microscope chamber to 30 �C (see Note 9).

2. Prepare fresh STORM buffer (prepare just before mounting to
prevent too much exposure to air).

3. Put 100 μL STORM buffer on the concave slide and place the
coverslip upside down, with the cells facing the buffer
(Fig. 2b).
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4. Use tweezers or a pipette tip to stabilize the coverslip. Using a
vacuum pump, remove excess buffer surrounding the coverslip.
Next, gently apply some pressure on top of the coverslip and
remove excess buffer. Relieve the pressure slowly. Try to pre-
vent air bubbles from entering the buffer. The coverslip should
now be stably fixed to the microscope slide.

5. Continue at Subheading 3.7.

3.6 PALM Imaging 1. Locate the transfected mEos3.2-positive cell using low laser
powers or light source (488-nmwavelength). Avoid long expo-
sures, as mEos3.2 is prone to photobleaching and will be
converted by 488-nm light.

2. Set acquisition parameters: The number of frames depends
largely on the number of blinking events that can be detected
over time. Usually, this is somewhere between 5000 and
20,000 frames. The exposure time and frame rate are of
major importance for the quality of the acquisitions. For
PALM imaging, we usually take a 50-ms (20 Hz) frame rate
(see Note 10).

3. Set the angle of the laser to obtain oblique illumination
(Fig. 2c) (see Note 11).

4. Optional: Make a snapshot of the mEos3.2 using the 488-nm
laser (at low laser power). We do not recommend this for
low-expressing proteins for the same reason as mentioned at
step 1 in Subheading 3.6. Alternatively, use a cotransfected
marker in the far-red channel. Obtaining a diffraction-limited
image can be useful for comparison with the superresolution
image later on.

5. Turn on the 561-nm laser. At first, single-molecule switching
events will occur without usage of the 405-nm activation laser.
Suitable 561 nm laser intensity should be balanced based on
the sample, with the goal being the observation of clear single-
molecule events. When this is the case, start the acquisition.

6. Gradually increase 405-nm laser intensity to enhance the con-
version of green to red fluorescence, but make sure the blinking
events do not become too dense and start to overlap.

7. Export the acquisition as a multilayer TIF file. Continue at
Subheading 3.8.

3.7 dSTORM Imaging

(on Alexa 647 or

HaloLigand JF646)

1. Locate cells using low laser power light source.

2. Set acquisition parameters: The number of frames depends
largely on the number of blinking events that can be detected
over time. Usually, this is somewhere between 5000 and
20,000 frames. The exposure time and frame rate are of
major importance for the quality of the acquisitions. For
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STORM, we usually take a 50-ms (20 Hz) frame rate (see
Note 10).

3. Set the angle of the laser to obtain oblique illumination
(Fig. 2c) (see Note 11).

4. Optional: Make a snapshot using the 640-nm laser (at low laser
power). Alternatively, use a cotransfected marker in the green
or red channel. Obtaining a diffraction-limited image can be
useful for comparison with the superresolution image later on.

5. Turn on 640-nm laser. With high laser power, try to get most
fluorophores to the dark state. Initially, and especially for sam-
ples with high labeling density, this might require slightly
higher laser powers than required for imaging (see Note 12).

6. Start the acquisition as soon as blinking events can be clearly
identified as individual emission events.

7. Gradually increase 405-nm laser intensity to increase the num-
ber of blinking events per frame, but make sure the blinking
events do not become too dense and start to overlap.

8. When finished, export the acquisition as multilayer TIF file.

3.8 Data Processing 1. Detection and fitting of single molecules can be performed
using a broad range of freely available software packages. We
use ONI software integrated as part of the Nanoimager system.
The software detects single emission events and uses fitting
routines to estimate the coordinates of the molecules
(Fig. 1a). The output is usually a results table, containing the
coordinates of each fitted localization, together with para-
meters like the frame number, photon count and localization
precision. Alternative and freely available software options are
provided in Subheading 2.5.

2. Drift correction: As SMLM acquisitions take minutes to
acquire, lateral drift can occur. Drift correction is a feature
integrated in most processing software tools.

3. Filtering recurrent localizations (optional but strongly
advised): Although many single-molecule emission events are
short-lived, they can still be in the ‘on state’ for consecutive
frames. To correct for this, these localizations can be filtered
out, or merged. This feature is integrated in most processing
software. If this step results in a significant reduction in the
number of localizations, consider imaging with longer expo-
sure time and higher laser power (see Note 10).

4. Filtering on localization precision: Considered one of the most
important filtering steps, filtering on localization precision
allows for the removal of localization events that are either
the result of noise or overlapping localizations. Alternatively,
or in addition to, filtering on the shape of the Gaussian can be
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performed. The latter being helpful in removing overlapping
emission events. We usually filter out all localizations with a
localization precision of >15 nm for STORM and >25 nm for
PALM imaging. This difference has to do with the fact that
organic dyes provide more photons per emission event com-
pared to fluorescent proteins, and thus a better average locali-
zation precision.

5. Filtering on photon count: Additional filtering on photon
count might help to reduce the amount of noise in the dataset
due to localizations derived from nonemission events. Note
that localizations with a low photon count often have a low
localization precision as well and most are probably filtered out
when filtering just on the localization precision.

3.9 Visualization and

Data Analysis

1. Rendering/Binning: The most common method of visualizing
SMLM datasets is by binning the localizations into pixels. The
localizations are converted to pixels and plotted as a Gaussian
distribution with the standard deviation adjusted by the locali-
zation precision. Figure 3 shows examples of rendered super-
resolution plots with their diffraction-limited images, for both
PALM imaging of mEos3.2-tagged intrabodies targeting
PSD95 and dSTORM imaging of HaloTag-GluA1 and
antibody-tagged Bassoon. Commonly used pixel sizes for ren-
dering are in the range of 10–50 nm or half the average locali-
zation precision. Combining a rendered image with a
diffraction-limited snapshot of the same region, allows for
visualization of the improvement in resolution and judgement
of image quality as much can be learned by “just looking at the
thing” [32].

2. Analyzing SMLM datasets: Extracting information about pro-
tein distribution in SMLM datasets can be challenging, and
highly depends on your research question. A good way to start
is exploring the heterogeneity in protein density using the
molecular coordinates of the localizations instead of rendered
images (Fig. 4). Density can thus not only be determined from
pixel intensity but can be calculated directly from the molecular
coordinates. Examples of these are the so-called local density
values and Voronoi diagrams. See Fig. 4b for a comparison of
these different plotting methods.

3. The local density value is calculated as the number of localiza-
tions in a given radius (in this case 5 times the mean nearest
neighbor distance (MNND)) [33]. To calculate the local den-
sity, we use the MATLAB functions knnsearch (for determining
the NND) and rangesearch (for the local density). The out-
come can be used as color-code for plotting, as well as being
used for further analysis. We use 5 times the MNND as this
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normalizes for differences in overall localization density across
the field of view and between datasets.

4. Voronoi diagrams are aimed to segment localizations into
areas, reflecting the density based on the distance of each
localization to its neighbors. Thus, the area of each so-called
Voronoi cell reflects its density relative to the overall density of
the acquisition. Voronoi diagrams can be generated using the
MATLAB function voronoi. The area of individual Voronoi
cells can be calculated from the output vertices.

5. Statistical analysis: Both the local density and Voronoi diagrams
can yield important information about protein density. Further
image analysis including cluster detection is often very specific
to distinct biological questions. Therefore, we would like to
refer to other sources for more information regarding SMLM
postimaging analysis options including cluster detection, seg-
mentation, protein counting, and colocalization [19, 34, 35].

Fig. 3 SMLM of synaptic proteins. (a) Illustration of the expected localization of different synaptic proteins in
the dendrite or axon. Scaffolding protein Bassoon localizes in the active zone of the presynaptic bouton,
glutamate receptor GluA1 is localized on the dendritic membrane with an enrichment on the postsynaptic
membrane, and PSD95 is a postsynaptic scaffolding protein. (b) Examples of dSTORM acquisitions of Bassoon
using immunolabeling, endogenously tagged GluA1 with HaloTag, and live-cell PALM of PSD95 using
expression of mEos3.2-fused intrabodies. Comparing the diffraction-limited image on the left part with the
SMLM acquisition. Scale bars: 2 μm, zooms: 300 nm
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4 Notes

1. Dye selection for dSTORM. Alexa 647 is considered as the best
dye for dSTORM, but other dyes work as well and new dyes
suitable for dSTORM are constantly being developed, mostly
in the far-red emission spectrum. Besides Alexa 647 and JF646,
another dye that works well in our hands is CF568. CF568 is a
bit more difficult to get into the dark state (also see Note 12),
and thus not advised for very dense protein structures or
proteins with high expression levels. Note that imaging
CF568 requires a different laser for excitation than described
in the protocol (where Alexa 647 and JF646 are used).

2. Choice of labeling method. In our experience, protein abun-
dance and the availability of specific antibodies are the main
challenges that impact the quality of labeling, and thus the
choice of method. For example, PALM on endogenous pro-
teins is only feasible for medium to highly expressed proteins.
For STORM, endogenous tagging of a protein with HaloTag
can be used, but with the note that the dye to protein ratio is

Fig. 4 Data visualization and evaluation. (a) Rendered image from a SMLM acquisition of PSD95.FingR-
mEos3.2. (b) Examples of different visualization and evaluation options. Rendering: localizations are converted
to pixels by plotting them as Gaussians with integrated density 1 and the localization precision as standard
deviation. Localizations: Plotting the centroids of the fluorophores. Local density: Each localization is color-
coded for the number of localizations within a given radius. Voronoi: Boundaries can be drawn that assign
each localization to their own area that includes all points closer to that localization than any other localization.
This area reflects its density relative to the overall density. Scale bar: 2 μm, zoom: 200 nm
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much lower than labeling with antibodies. Alternatively, and
not described here, proteins can be tagged with other fluores-
cent proteins like GFP or small epitope tags like HA, FLAG,
and ALFA-tag, which can be subsequently labeled with organic
dyes using antibodies or nanobodies, significantly amplifying
the signal and making it possible to perform dSTORM.

3. Pixel size. The optimal pixel size for a given experiment
depends on the number of expected photons and background.
Usually, a pixel size in the range of 100–160 nm is used, based
on the point spread function [2].

4. Optimal DIV for transfection of hippocampal rat neurons. For
genomic tagging of a gene (coding for a protein of interest) we
advise to transfect at a relatively young age (DIV2-5). As
neurons mature, the transfection efficiency drops quite signifi-
cantly. Also, and especially for proteins with a low turnover, a
longer window between transfection and imaging allows for
more of the protein pool to be replaced with the tagged version
[22]. For exogenous expression of a fusion protein or intra-
body, the optimal window between transfection and imaging
day has to be optimized for individual constructs, but we
usually use 3–7 days between transfection and imaging. If
exogenous expression of a recombinant fusion protein is
used, it is critical to make sure the level of overexpression
does not alter the localization of the protein.

5. HaloTag Ligand labeling. HaloTag is a haloalkane dehalogen-
ase enzyme which is designed to covalently bind to synthetic
ligands (HaloLigand) [13] (Fig. 2a). The HaloTag can be
coupled to the protein of interest, for example via genomic
tagging (as used in this protocol), or through exogenous
expression of HaloTag fusion proteins. The HaloLigand is
commercially available conjugated to organic dyes. As the
HaloTag—HaloLigand binding is enzymatic, live-cell labeling
is preferred over labeling of already fixed samples. In addition
to the protocol described here, always check the protocol of the
supplier and adjust if needed. TheHaloTag Ligand-JF646 used
in this protocol is membrane permeable. Thus, both intracellu-
lar and extracellular HaloTag-fused proteins are labeled. The
optimal length of labeling has to be determined experimentally.
Extensive washing of the HaloLigand before fixation is not
needed. Besides the potential harmful effects of washing on
living cells, most fixatives do not react with the HaloLigand as
it is not a protein. The washing steps after fixation will remove
any unbound HaloLigand.

6. Type and length of fixation. A good fixation protocol is consid-
ered one of the most important steps of any superresolution
imaging technique as it is key to the preservation of the cell’s
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ultrastructure. Sometimes, glutaraldehyde is used as a fixative
in addition to or to replace PFA. When used, additional
quenching steps (to reduce autofluorescence) using fresh
NaBH4 are advised. Alternatively, fixation using ice-cold meth-
anol is sometimes used, but this is not compatible with all
antibodies and might negatively influence the ultrastructure,
particularly membrane-associated complexes, more than PFA.
Therefore, we do not recommend this for SMLM. Although
10 min of PEM-PFA fixation is the standard, staining quality
can benefit from optimizing the duration of fixation.

7. Blocking and immunolabeling. The protocol described here is a
general protocol for immunolabeling that is used in our lab.
Other blocking reagents like bovine serum albumin (BSA) can
be used instead of NGS. Also, the duration and temperature of
the antibody incubation step, as well as antibody concentration
have to be optimized experimentally for each protein labeling.

8. Postfixation. Although not a must, postfixation allows for bet-
ter preservation of the staining if imaging is not performed
directly after labeling. Postfixed cells can be stored for several
days in PBS at 4 �C.

9. Temperature control of microscope. Preheating and controlling
the temperature of the microscope system is also advised for
fixed samples. During an acquisition, heat is produced which
might cause some drift, which in our hands is reduced if the
temperature is already stable at around 30 �C. Therefore, we
also advise to keep the STORM buffer and glass slides at least at
room temperature.

10. Exposure time, frame rate, and laser power. Longer exposure
time/lower frame rate allows for more photons to be collected
from single emission events, which positively influences the
localization precision. However, a long exposure time can
also increase the chance of overlapping single-molecules, and
when performing PALM in live cells, the movement of mole-
cules within the exposure time of a single frame reduces the
localization precision due to motion blurring. Depending on
the camera, imaging smaller ROIs can allow for a higher frame
rate. Alternatively, higher laser power can be used, but this
reduces the lifetime of an emission event.

11. Illumination angle. SMLM experiments are generally per-
formed with near TIRF illumination or so-called oblique illu-
mination. Oblique illumination can be achieved by changing
the angle of illumination toward full TIRF. Adjust the angle so
that in-focus fluorescence events are mostly retained, but that
out-of-focus events are not excited.

12. Induction of dark state. In the presence of the reducing
STORM buffer, high laser power will turn molecules into the
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dark state. The most common issue faced, is the inability of
reducing the number of blinks per frame causing individual
emission events to overlap. Using a higher concentration of
MEA in the STORM buffer can help. Alternatively,
2-betamercaptoethanol (BME) is sometimes used instead of
MEA, depending on the organic dye used for imaging. In our
hands, using a few short pulses of the 488 nm or 561 nm laser
can help to bring more far-red emitting dyes to the dark state,
but with the risk of irreversible photobleaching.
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