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confocal microscopy, a membrane marker (the Na+/K+-ATPase), a

mitochondria marker (Tom20), and an endoplasmic reticulum

marker (overexpressed EGFP coupled to a KDEL signal) in primary

cultured neurons or in cultured cells (Fig 14). The Na+/K+-ATPase

was revealed correctly as a membrane protein only after glyoxal fix-

ation, while it was found mostly in the nucleus after PFA fixation.

Tom20 stainings were similar for the two fixations. EGFP-KDEL

stainings had a poorer morphology after PFA fixation, with this

protein apparently having spilled over from the endoplasmic reticu-

lum during fixation in a quarter of all analyzed cells.

Finally, the Zapiec group (Max Planck Research Unit for Neuro-

genetics, Frankfurt am Main, Germany) analyzed different proteins

in the mouse olfactory epithelium and bulb and found substantially

stronger immunostainings after glyoxal fixation for the olfactory

marker protein (OMP; Fig 15A and B), for neuropilin-1 and neuro-

pilin-2 (Fig 15C and D), and for the vesicular glutamate transporter

2 (Fig 15E and F). The same was observed for b3-tubulin immuno-

stainings (Fig 15A, B and E, F).

Discussion

We conclude that glyoxal fixation appears to be more efficient

than PFA for many laboratories, in several countries. An
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Figure 16. Overview of the results obtained from all immunostainings, in all of the laboratories testing glyoxal.

Various cellular targets, ranging from the nucleus to synapses of hippocampal neurons, were tested after fixation with either PFA or glyoxal by us and 11 additional
laboratories. Overall, 51 targets were better stained after glyoxal fixation than after PFA fixation, 12 targets were stained worse, and 19 targets were equally well stained.
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overview of the results, indicating the different cellular targets

analyzed, is presented in Fig 16. Overall, 51 targets were better

stained after glyoxal fixation, 12 targets were stained worse, and

19 targets were stained equally well, which implies that glyoxal

fixation seems to be generally superior to PFA. The strongest

difference is seen for membrane proteins and for proteins of the

Golgi apparatus. The organelle for which glyoxal is least success-

ful is the mitochondrion.

In principle, glyoxal could be combined with other fixatives,

including glutaraldehyde, for an even stronger fixation. However,

the behavior of aldehyde fixatives is exceedingly complex, lead-

ing to many side reactions (Migneault et al, 2004), which

renders such an experiment difficult to reproduce. In a few

trials, glutaraldehyde addition to glyoxal solutions actually

caused poor morphology preservation, indicating that this may

not be an optimal solution. Post-fixation with glutaraldehyde, for

stronger and longer-lasting sample preservation, is nevertheless

possible, as we observed in the electron microscopy experiments

(Appendix Fig S15; see also the respective Materials and Methods

section).

Since glyoxal is substantially less harmful by inhalation than

PFA (Wicks & Suntzeff, 1943), we suggest that it should replace

PFA for many applications. Comparative testing will still be

needed for every antibody before settling on a fixation proce-

dure. Nonetheless, we found that glyoxal typically provides

immunostainings of better quality than PFA. In the few cases in

which PFA provided brighter images, the glyoxal images were

nevertheless still usable, revealing structures that appeared

biologically accurate, with the clear exception of the lysosome

marker LAMP1 and of the mitochondrial ATP synthase (Fig 13).

The opposite situation, however, was far more often encoun-

tered, especially for the membrane proteins such as the Na+/

K+-ATPase (Fig 14), the SNAREs SNAP25 and syntaxin 1

(Fig 6), or multiple proteins of the mouse olfactory epithelium

(Fig 15).

While an extensive discussion of why this may be the case is

beyond the purpose of this work and would require an in-depth

analysis of the fixation chemistry of both PFA and glyoxal, it is

probable that the appearance of uniformly distributed small spots

in PFA-fixed samples (Fig 4 and Appendix Discussion) is due to

insufficient cross-linking of proteins. The appearance of such spots

has been a concern since the initial applications of super-resolu-

tion microscopy (see, e.g., Lang & Rizzoli, 2010), which mostly

revealed structures of ~70–100 nm in size. The fact that PFA only

fixes about 60% of the proteins (Fig 3) implies that a large fraction

of the proteins is still mobile, can change its distribution during

immunostaining, and may be even lost from the samples. We

assume that the faster and stronger fixation induced by glyoxal

(Figs 1 and 2) plays a central role in improving the quality of the

immunostainings, by maintaining the proteins in their organelle

locations.

We conclude that this feature, the stronger and more accurate

fixation, makes glyoxal a good candidate for the fixative of choice

in immunostainings. In our opinion, glyoxal should still be

preferred even for targets for which the two fixatives work equally

well, because PFA presents substantially more health hazards than

glyoxal during normal, routine laboratory work (Wicks & Suntzeff,

1943).

Materials and Methods

Paraformaldehyde (PFA) and glyoxal preparation

For all experiments, a 4% w/v paraformaldehyde (Sigma-Aldrich

#P6148) solution and a 3% v/v glyoxal (Sigma-Aldrich #128465)

solution were used. Paraformaldehyde was dissolved in PBS

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH

7.4). The glyoxal solution was prepared according to the following

protocol:

For ~4 ml glyoxal solution mix:

2.835 ml ddH2O

0.789 ml ethanol (absolute, for analysis)

0.313 ml glyoxal (40% stock solution from Sigma-Aldrich,

#128465)

0.03 ml acetic acid

Vortex the solution and bring the pH to 4 or 5 by adding drops

of 1 M NaOH until respective pH is reached. Check pH with pH

indicator paper. The solution should be kept cool and used within

a few days, otherwise glyoxal might precipitate. If the stock solu-

tion shows precipitation, glyoxal can be redissolved by heating the

solution to ~50°C (see also information provided by Sigma-

Aldrich).

Results obtained with glyoxal at pH 5 are shown in all figures,

unless noted otherwise (Appendix Fig S2 shows data obtained from

glyoxal pH 4). For several control experiments (as noted in the

figure legends), the same amount of ethanol was added to the PFA

solution.

The fixatives for the SDS–PAGE experiments (Fig 3A,

Appendix Fig S7) were prepared so that the final amount of PFA

and glyoxal (mixed with the cytosol samples) were 4% and 3%,

respectively. As a control for the SDS–PAGE experiments, 0.2%

glutaraldehyde (AppliChem #A3166) was added to a 4% PFA solu-

tion, as noted in the respective figure legend.

Propidium iodide and FM 1-43 imaging

Measuring cell penetration by the fixative (Fig 1A and B;

Appendix Fig S1) was done using the dyes propidium iodide

(Sigma-Aldrich #P4170) and FM 1-43 (Biotium #70020). COS-7

fibroblast cells (obtained from the Leibniz Institute DSMZ—German

Collection of Microorganisms and Cell Culture), plated on poly-L-

lysine (PLL)-coated coverslips and cultured under standard condi-

tions, were washed briefly in pre-warmed COS-7 cell Ringer

(130 mM NaCl, 4 mM KCl, 5 mM CaCl2, 1 mM MgCl2, 48 mM

glucose, 10 mM HEPES, pH 7.4). Afterward, the respective fixatives

were added to the cells, containing either propidium iodide (5 lM)

or FM 1-43 (1.5 lM). The cells were imaged for 60 min or 10 min,

respectively, using an inverted epifluorescence microscope (Nikon

Eclipse Ti-E), as described in the Imaging section, below.

To determine the intensity of the propidium iodide stainings

(Fig 3B), COS-7 cells were fixed in the appropriate fixative for

30 min on ice and for another 30 min at room temperature,

followed by 20 min of quenching in 100 mM NH4Cl and 100 mM

glycine. After washing in PBS for 5 min, the cells were incubated in

5 lM propidium iodide in PBS for 10 min at room temperature.

After a 15-min wash-off in PBS, the cells were imaged using the

same microscope as in the previous paragraph.
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For the optimization of glyoxal fixation (Appendix Table S1),

cultured primary hippocampal neurons were fixed for 30 min on ice

and another 30 min at room temperature in the respective fixative,

followed by 10-min quenching in 100 mM NH4Cl. The neurons were

washed two times briefly in PBS and imaged in a 1.5 lM FM 1-43

solution using an Olympus IX71 inverted epifluorescence micro-

scope described below in the imaging section.

Fluorescence in situ hybridization

Fluorescence in situ hybridization (Fig 3B) was performed using the

QuantiGene� ViewRNA ISH Cell Assay kit (Affymetrix #QVC0001),

according to the protocol provided by Affymetrix. In short, cultured

rat hippocampal neurons were fixed in one of the tested fixatives for

10 min on ice and for another 20 min at room temperature. After a

washing step, the cells were incubated in the provided detergent

solution, followed by probe hybridization for 3 h at 40°C (using

standard probes for GAPDH, provided with the kit by the manufac-

turer). Afterwards, the samples were washed in the provided wash

buffer, and signal amplification was done by incubating the samples

in pre-amplifier and amplifier solution for 30 min each at 40°C.

Label hybridization was done as well for 30 min at 40°C using Cy5

as dye. After washing in wash buffer and PBS, the samples were

embedded in Mowiol and imaged using an inverted Nikon Eclipse

Ti-E epifluorescence microscope.

Transferrin, LysoTracker®, and cholera toxin uptake assay

Live imaging of transferrin (coupled to Alexa Fluor 594, Thermo

Fisher #T133433) and cholera toxin subunit B (coupled to Alexa

Fluor 555, Thermo Fisher #C34776) uptake during fixation

(Appendix Fig S4) was done in COS-7 and HeLa (obtained from the

Leibniz Institute DSMZ—German Collection of Microorganisms and

Cell Culture) cells. The cells, plated on PLL-coated coverslips, were

incubated in 25 lg/ml transferrin or 1 lg/ml cholera toxin at 37°C

for 10 min. Afterward, the cells were washed in pre-warmed COS-7

cell Ringer and were imaged. A concentrated solution of each fixa-

tive was added to the Ringer so that the final concentration of fixa-

tive was 4% for PFA and 3% for glyoxal. The cells were imaged

during the first 10 min of fixation using the inverted Nikon Eclipse

Ti-E epifluorescence microscope.

The imaging of transferrin and LysoTracker uptake at different

time points during fixation (Appendix Figs S2 and S3) was done in

HeLa and COS-7 cells. The cells were incubated in the respective fix-

ative for 3, 5, 10, 15 and 20 min at 37°C prior to the addition of

25 lg/ml transferrin Alexa594 or 50 nM LysoTracker Red DND-99

(Thermo Fisher #L7528). Each sample was incubated in the fixative

and transferrin/LysoTracker for 20 more min. The cells were then

washed with PBS and embedded in Mowiol. The samples were

imaged with a confocal TCS SP5 microscope (Leica).

Lipofectamine transfection of COS-7 cells, HeLa cells, and
BHK cells

For the imaging of preservation of various GFP-tagged proteins and

structures (Appendix Figs S5 and S6), COS-7 fibroblasts or HeLa

cells were transfected with a TOMM70 construct from S. cerevisiae,

which was amplified by PCR and cloned into a pEGFP-N1 plasmid

(Clontech), as well as an EGFP-N1-a-tubulin construct, a nEGFP-N1-

SNAP25 construct, a mCherry-pCS2+-GalNacT2 (which was a kind

gift from Elena Taverna, MPI of Molecular Cell Biology and Genet-

ics, Wieland Huttner group) construct, and a mOrange2-N1-synap-

topHluorin construct. The chimeric mOr2-SypHy indicator was

created by substituting the superecliptic GFP from the original

SypHy (Granseth et al, 2006) construct (purchased from Addgene,

Cambridge, MA, USA) with the pH-sensitive mOrange2 fluorescent

protein (purchased from Addgene). One hour prior to transfection,

the cells were incubated in antibiotic-free medium. Lipofectamine�

2000 (Thermo Fisher #11668) and the DNA (0.5 or 1 lg per 18-mm

cover slip) were incubated in OptiMEM (Thermo Fisher #31985047)

for 20 min and were subsequently added to the cells. The medium

was changed back to normal culturing medium (DMEM containing

fetal calf serum, glutamine, penicillin, and streptomycin) the next

day, and cells were imaged using an inverted Nikon Eclipse Ti-E epi-

fluorescence microscope. The cells were imaged in COS-7 cell Ringer

before fixation and were imaged again after incubation in the dif-

ferent fixatives for 60 min.

For transfection with the GFP-tagged target protein VAMP2

(Appendix Fig S10), the following construct was used: pEGFP-N1-

VAMP2 (backbone plasmid was purchased from Addgene). 2.5 h

prior to transfection, the cells (BHK fibroblasts) were incubated in

antibiotic-free medium. 1 lg of DNA per 18-mm cover slip and Lipo-

fectamine� 2000 were incubated for 20 min in OptiMEM and after-

ward added to the medium. Cells were incubated in the mixture

overnight and were immunostained the following day after transfec-

tion.

For SNAP-tag labeling (Appendix Fig S9), HeLa cells were trans-

fected with the following constructs: cytoplasmatic SNAP-tag

(pSNAPf, purchased from New England Biolabs), a-synuclein-
SNAP-tag, VAMP2-SNAP-tag, and transferrin receptor-SNAP-tag.

The SNAP-tag fused to either the N- or the C-terminal of VAMP2

was created by PCR amplification of VAMP2 (Vreja et al, 2015) and

insertion into the SNAP-tag plasmid by Gibson assembly (Gibson

et al, 2009). The transferrin receptor (Opazo et al, 2012) and a-
synuclein (Lázaro et al, 2014) were amplified by PCR and inserted

into the SNAP-tag plasmid by Gibson assembly. 1 lg of DNA per

coverslip was incubated for 20 min with Lipofectamine� 2000, and

100 lg of the mixture in OptiMEM was added to each coverslip.

Cells were incubated overnight, and labeling was done the following

day, as described in the next section.

SNAP-tag labeling

Transfected HeLa cells were washed briefly in medium and then

fixed with either PFA or glyoxal pH 5 for 30 min on ice and another

30 min at room temperature. The cells were labeled with 0.3 lM
SNAP-Cell TMR-Star (New England BioLabs #S9105S) for 30 min

and afterward washed with PBS for 10 min. TMR fluorescence was

imaged at the Olympus IX71 inverted epifluorescence microscope.

Immunocytochemistry of cultured primary hippocampal neurons

Rat primary hippocampal neuron cultures (Fig 4 and Appendix Figs

S12–S14) were prepared as described before (Opazo et al, 2010;

Beaudoin et al, 2012) and were cultured either under standard

conditions, or in Banker arrangements, locally separated from the
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astrocyte feeder layer (as described in Kaech & Banker, 2006). The

neurons, plated on poly-L-lysine coated cover slips, were fixed in

PFA (pH 7, pH 4/5 or with Et-OH) or glyoxal for 60 min and were

subsequently quenched for 30 min in 100 mM NH4Cl. The pH of

the glyoxal solution used for fixation is presented in Table 1. For

each antibody, we used the pH that provided a brighter immuno-

staining. Permeabilization and background epitope blocking were

achieved by incubating the neurons for 15 min in blocking solution,

containing 2.5% BSA and 0.1% Triton X-100 in PBS. The samples

were incubated with primary antibodies diluted in blocking solu-

tion, for 60 min at room temperature. Table 2 presents the antibod-

ies and their dilutions from 1 mg/ml stocks. After washing another

15 min in blocking solution, secondary antibodies were applied for

60 min, at room temperature. Subsequent washing in high-salt PBS

(500 mM NaCl) and PBS was followed by embedding in Mowiol.

The samples were imaged with a STED TCS SP5 microscope

(Leica).

Immunocytochemistry of HeLa and COS-7 cells

HeLa cells that took up transferrin Alexa546 (see uptake assay

described above) were immunostained for endosomes (EEA1;

Appendix Fig S11). The cells were fixed in the respective fixative for

30 min on ice and another 30 min at room temperature. Afterward,

they were quenched with 100 mM NH4Cl for 20 min. Permeabiliza-

tion and blocking were done for 15 min in 2.5% BSA and 0.1%

Triton X-100 in PBS. Subsequently, the cells were incubated in the

primary antibody rabbit anti-EEA1 (Synaptic Systems #237002),

diluted 1:100 for 60 min. After washing in blocking/permeabiliza-

tion solution for 15 min, the cells were incubated with the

secondary antibodies for 60 min. A donkey anti-rabbit antibody

coupled to Atto647N (Rockland, diluted 1:500) was used. Subse-

quent washing in high-salt PBS and normal PBS was followed by

embedding in Mowiol, and the cells were imaged at the confocal

TCS SP5 microscope (Leica).

Immunostaining of overexpressed GFP-tagged proteins

(Appendix Fig S10; see transfection described earlier) was done like

described above. Following primary antibodies were used: mouse

anti-TOMM20 (Sigma-Aldrich #WH0009804M1), diluted 1:200,

rabbit anti-a-tubulin (Synaptic Systems #302203), diluted 1:1,000,

Table 1. The pH of glyoxal solution used for fixation of neuronal
samples.

Staining pH

a/b-SNAP 4

a-Tubulin 5

b-Actin 5

Bassoon 4

Calreticulin 5

Clathrin LC 4

HSC70 4

Neurofilament L 4

NSF 4

PSD95 4

Rab5 4

Rab7 4

SNAP23 4

SNAP25 4

SNAP29 4

Syntaxin 1 5

Syntaxin 16 4

Synaptophysin 5

Synaptotagmin 7 4

VAMP2 5

Table 2. Antibodies used for the immunostaining of neuronal
proteins.

Target
protein Species Company Dilution

Primary
antibodies

*a/b-SNAP Mouse Reinhard Jahn 1:100

a-Tubulin Rabbit SySy (#302203) 1:4,000

b-Actin Mouse Sigma-Aldrich
(A1978)

1:300

Bassoon Mouse Enzo Lifescience
(#SAP7F407)

1:100

Calreticulin Rabbit Cell Signaling
(#12238)

1:100

Clathrin LC Mouse SySy (#113011) 1:1,000

HSC70 Mouse Santa Cruz
(#sc-7298)

1:100

Neurofilament L Rabbit SySy (#171002) 1:500

NSF Rabbit SySy (#123002) 1:500

PSD95 Mouse Neuromap
(#75-028
(K28/43))

1:200

*Rab5 Mouse Reinhard Jahn 1:100

Rab7 Rabbit Cell Signaling
(#9367)

1:100

SNAP23 Rabbit SySy (#111202) 1:100

SNAP25 Mouse SySy (#111002) 1:500

SNAP29 Rabbit SySy (#111302) 1:500

Syntaxin 1 Mouse SySy (#110011) 1:300

Syntaxin 16 Rabbit SySy (#110162) 1:100

*Synaptophysin Rabbit Reinhard Jahn
(G96)

1:1,500

Synaptotagmin 7 Rabbit SySy (#105173) 1:100

VAMP2 Mouse SySy(#104211) 1:1,500

Secondary antibodies

Anti-mouse IgG
(Atto647N)

Goat Sigma-Aldrich
(#50185)

1:150

Anti-rabbit IgG
(Atto647N)

Goat Rockland
(#611-156-003)

1:500

Indicated antibodies (*) were kind gifts of Prof. Dr. Reinhard Jahn, Max-
Planck-Institute for Biophysical Chemistry, Göttingen, Germany.
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mouse anti-VAMP2 (Synaptic Systems #104211), diluted 1:200,

mouse anti-TGN38 (BD Bioscience #610898), diluted 1:100, mouse

anti-SNAP25 (Synaptic Systems # 111011), diluted 1:500.

Immunostaining of phosphatidylinositol-4,5-bisphosphate (PIP2)

was done as described above (Appendix Fig S8). The primary anti-

body mouse anti-PIP2 (Abcam #ab11039), diluted 1:50, was used.

As secondary antibody, a donkey anti-mouse coupled to Cy2 was

used in the dilution 1:100. The cells were imaged with the Olympus

IX71 inverted epifluorescence microscope.

Immunohistochemistry of Drosophila 3rd-instar larvae
neuromuscular junctions

Drosophila melanogaster 3rd-instar larvae (Appendix Fig S16) were

dissected in standard Drosophila medium as described before (Jan &

Jan, 1976). The larvae were fixed for 30 min on ice, and for another

30 min at room temperature, followed by 30 min of quenching in

100 mM NH4Cl. Permeabilization and blocking were performed for

30 min in PBS containing 2.5% BSA and 0.5% Triton X-100.

Incubation in primary antibodies was done for 60 min at room

temperature. The following antibodies were used: mouse

anti-synaptotagmin 1 (3H2 2D7), diluted 1:50, mouse anti-synapsin

(3C11), diluted 1:20, mouse anti-syntaxin (8C3), diluted 1:50,

mouse anti-SAP47 (nc46), diluted 1:100, and mouse anti-bruchpilot

(nc82), diluted 1:50. All antibodies were purchased from the Devel-

opmental Studies Hybridoma Bank at the University of Iowa

(DSHB). After 30 min of washing in the blocking solution (0.5%

Triton X-100), the samples were incubated in a Cy3-labeled goat

anti-mouse antibody (1:100, Dianova #715-165-150) for 60 min at

room temperature. Subsequently, larvae were washed in high-salt

PBS and PBS and embedded in Mowiol. The samples were then

imaged using an Olympus inverted epifluorescence microscope.

Immunohistochemistry of mouse inner hair cells

Organs of Corti (Appendix Fig S17) were dissected from P14 to

P18 wild-type mice in ice-cold HBSS (5.36 mM KCl, 141.7 mM

NaCl, 10 mM HEPES, 34 mM L-glutamine, 6.9 mM D-glucose,

1 mM MgCl2, 0.5 mM MgSO4, pH 7.4). The inner hair cells were

stimulated by incubating the tissue for 3 min in HBSS with high

potassium (65.36 mM KCl) at 37°C. Afterward, the organs were

fixed for 30 min on ice and for another 30 min at room temper-

ature. The subsequent quenching was performed for 30 min in

100 mM NH4Cl and 100 mM glycine. The organs were then

permeabilized and blocked for 30 min with PBS containing 0.5%

Triton X-100 and 2.5% BSA. The primary antibodies mouse anti-

otoferlin (Abcam #ab53233), diluted 1:350, and rabbit anti-ribeye

(Synaptic Systems #192003), diluted 1:1,500, were applied for

60 min. After 30 min of washing, the organs were incubated in

secondary antibodies for 60 min. Atto647-labeled goat anti-mouse

(1:250, Sigma-Aldrich #50185) and the Cy2-labeled goat anti-

rabbit (1:100, Dianova #111-225-144) secondary antibodies were

used. Washing in high-salt PBS and PBS was followed by

embedding in melamine, as described previously (Revelo et al,

2014). Organs were then cut into 200-nm thin sections using a

Leica EM UC6 ultramicrotome. The sections were embedded in

Mowiol and were imaged using a STED TCS SP5 microscope

(Leica).

Immunohistochemistry of mouse levator auris longus
neuromuscular junctions

The levator auris longus muscle (Appendix Fig S18) was dissected

from adult mice in ice-cold mouse Ringer (5 mM KCl, 154 mM NaCl,

5 mM HEPES, 11 mM D-glucose, 1 mM MgCl2, 2 mM CaCl2, pH 7.3).

Prior to fixation, the acetylcholine receptors were stained by incubat-

ing the muscles in a 1:150 dilution of tetramethylrhodamine-labeled

bungarotoxin (Sigma-Aldrich #T0195) for 15 min. After washing the

tissue for 15 min in mouse Ringer, it was fixed for 30 min on ice and

another 30 min at room temperature. Quenching was performed in

100 mM NH4Cl and 100 mM glycine. The tissue was then permeabi-

lized and blocked by incubating in PBS containing 0.5% Triton X-

100 and 2.5% BSA for 30 min. Primary antibodies were applied for

60 min. The following antibodies were used: mouse anti-bassoon

(Enzo Lifescience #SAP7F407), diluted 1:100, and rabbit anti-piccolo

(Synaptic Systems #142003), diluted 1:150. After 30 min of washing,

secondary antibodies were applied for 60 min (Atto647-labeled goat

anti-mouse, Sigma-Aldrich #50185, diluted 1:150, and Cy2-labeled

goat anti-rabbit, Dianova #111-225-144, diluted 1:100). After 20

more min of washing in the blocking solution, 30 min in high-salt

PBS, and 20 min in PBS, the samples were embedded in 2,20-thio-
diethanol as described previously (Revelo & Rizzoli, 2015; TDE,

Sigma-Aldrich #166782). The neuromuscular junctions were imaged

using a STED TCS SP5 microscope (Leica).

Imaging with an inverted epifluorescence Nikon Eclipse
Ti-E microscope

Experiments from Figs 1, 2 and 3B, Appendix Figs S4–S6 were

imaged using the Nikon inverted epifluorescence microscope. The

microscope was equipped with an HBO 100-W lamp and an IXON

X3897 Andor Camera. For all samples, a 60X Plan apochromat oil

immersion objective (NA 1.4) was used (from Nikon). The filter sets

and time course (if applicable) used for imaging are shown in

Table 3. Images were obtained using the image acquisition software

NiS-Elements AR (Nikon).

Imaging with a STED/confocal TCS SP5 microscope (Leica)

The immunostained rat hippocampal neurons (Fig 4, Appendix Figs

S12–S14), mouse inner hair cells (Appendix Fig S17), and neuro-

muscular junctions (Appendix Fig S18), as well as the transferrin

and LysoTracker uptake (Appendix Figs S2, S3 and S11) and the

immunostained GFP-tagged proteins (Appendix Fig S10) were

imaged using a pulsed STED microscope, built on the basis of

the TCS SP5 confocal microscope (Leica). The microscope was

equipped with a pulsed diode laser (18 mW, 80 MHz, 640 nm

emission, PicoQuant) for excitation of the STED dye, and with a

pulsed infrared titanium: sapphire (Ti:Sa) tunable laser (1W,

80 MHz, 720–1,000 nm, Mai Tai Broadband; Spectra-Physics) for

depletion set at a wavelength of 750 nm. For confocal imaging,

an Argon laser (488 nm) and HeNe laser lines (543, 594,

633 nm) were used for excitation. Detection was achieved by

ultra-sensitive avalanche photodiodes and high sensitivity, low

noise PMTs (Leica). All samples were imaged using a 100× HCX

PL APO oil immersion STED objective (NA 1.4). Images were

acquired using the Leica LAS AF imaging software, with a pixel
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size of 20 × 20 nm, 30 × 30 nm or 60 × 60 nm and a scanning

speed of 1,000 Hz.

Imaging with an inverted epifluorescence Olympus IX
71 microscope

The Drosophila larvae neuromuscular junctions (Appendix Fig S16),

the transfected and immunostained BHK (obtained from the

Max-Planck-Institute for biophysical chemistry Göttingen, Reinhard

Jahn) cells (VAMP2 expression in Appendix Fig S10), the FM 1-43

stained neurons (Appendix Table S1), the COS-7 cells, stained for

PIP2 (Appendix Fig S8), and the SNAP-tag labeled HeLa cells

(Appendix Fig S9) were imaged using an Olympus IX 71 epifluores-

cence microscope, equipped with a 100 W mercury lamp and a F-

View II CCD camera (Soft Imaging Systems GmbH). The Drosophila

NMJs and PIP2 stained COS cells were imaged using a 100× TIRFM

oil immersion objective (NA 1.45), from Olympus. The BHK cells

and the SNAP-tag-labeled HeLa cells were imaged using the 40×

UPlan FLN air objective (NA 0.75) from Olympus. The hippocampal

neurons were imaged using a 60× UPlanApo oil immersion objective

(NA 1.35) from Olympus. Filter sets used for imaging can be found

in Table 4. Image acquisition was performed using the Olympus

CellP software.

SDS–PAGE of fixed rat brain cytoplasm

Rat brain cytosol (Fig 3A and Appendix Fig S7) was prepared by

homogenization of adult rat brains using a Teflon glass homogenizer

in 320 mM sucrose, 5 mM HEPES, pH 7.4 (adjusted with NaOH).

This was followed by a two-step centrifugation, first in an SS34 rotor

(Sorvall) for 12 minutes at 14,400 g, to pellet large tissue fragments,

and then in a TLA100.3 rotor (Beckman) for 60 min at 264,000 g to

pellet all remaining cellular fragments. All centrifugation steps were

performed at 4°C. The fixatives were prepared so that the final

amount of fixative in the solution with the cytosol was 4% PFA (ph

7, pH 4, and 5) and 3% glyoxal. The samples were fixed for 15, 30,

45, or 60 min at room temperature (or 10 min at 37°C for one of the

PFA fixation controls). As control samples, cytosol was also fixed

with PFA plus 0.2% glutaraldehyde and PFA plus 20% ethanol. After

fixation, samples were prepared for running on SDS–polyacrylamide

gels by adding 2× Laemmli sample buffer (Laemmli, 1970) and heat-

ing for 5 min to 95°C. 10% polyacrylamide gels were prepared as

described previously (Brunelle & Green, 2014). 25 ll of each sample

and a non-fixed brain cytosol sample was run on the gels. The gels

were stained in Coomassie brilliant blue overnight and were

destained for 2–3 h in 50% methanol, 40% H2O, 10% acetic acid the

following day. The stained gels were scanned and analyzed.

Electron microscopy

For electron microscopy of chemically fixed cells (Appendix Fig

S15), primary hippocampal neurons were fixed for 20 min on ice

and for another 20 min at room temperature, followed by quenching

for 30 min in 100 mM NH4Cl and 100 mM glycine. The neurons

were then postfixed with 2.5% glutaraldehyde for 60 min at room

temperature. Another 20 min of quenching in NH4Cl and glycine

were followed by 60 min of incubation in 1% osmium tetroxide.

Afterward, the neurons were washed in filtered PBS for 15 min and

were dehydrated with a series of ethanol dilutions. Subsequently,

the cells were embedded in Epon resin by first incubating them for

3 h in a 1:1 mixture of ethanol and resin and then incubating in

pure resin for 48 h at 60°C. The samples were cut into 80- to

100-nm sections using a LeicaEM UC6 ultramicrotome and were

mounted on copper 50-mesh grids (Plano GmbH #2405C) or Form-

var-coated copper slot grids (Plano GmbH #G2500C). The thin

sections were labeled with 1% uranyl acetate for 10 min and were

afterward washed for several minutes in ddH2O. The samples were

imaged using a JEOL JEM1011 electron microscope (JEOL GmbH),

with a magnification of 10,000×.

For electron microscopy of high-pressure frozen samples

(Appendix Fig S15), primary hippocampal neurons were frozen

using a Leica HPM100 high-pressure freezer, using PBS with 20%

polyvinylpyrrolidone as filler solution. The samples were freeze-

substituted as described before (McDonald & Webb, 2011). Post-fixa-

tion was done in a mixture of 1% glutaraldehyde, 1% OsO4, and 1%

H2O (modified after Jiménez et al, 2006) prior to embedding in Epon

Table 3. Filter sets and time courses used for the Nikon Eclipse Ti-E microscope.

Figure panel Excitation filter Emission filter Dichroic mirror Time course

1A Cy3: 545/25 nm 605/70 nm 565 nm 60 min, every 5 min

1B EGFP: 470/40 nm 525/50 nm 495 nm 10 min, every 30 s

2 DIC DIC DIC 60 min, every 5 min

3B Cy3: 545/25 605/70 nm 565 nm –

3B Cy5: 620/60 nm 700/75 nm 660 nm –

Appendix Fig S5 EGFP: 470/40 nm 525/50 nm 495 nm –

Appendix Fig S6 (additional
GFP proteins)

EGFP: 470/40 nm 525/50 nm 495 nm –

Appendix Fig S4 Cy3: 545/25 nm (cholera toxin) 605/70 nm (cholera toxin) 565 nm (cholera toxin) 10 min, every 60 s

Texas Red: 562/40 nm (transferrin) 624/40 nm (transferrin) 593 nm (transferrin)

Table 4. Filter sets used for the Olympus IX 71 epifluorescence
microscope.

Filter Excitation Emission

FITC 494 518

RFP 561 585

Cy5 625 670
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via an Epon dilution series (McDonald & Webb, 2011). The samples

were cut into ultrathin sections (60 nm), stained in 1% uranyl

acetate, and imaged with a Zeiss transmission electron microscope.

Data analysis

All data analyses were performed automatically or semi-automati-

cally using MATLAB (The MathWorks, Inc.), with exception of the

analysis from Appendix Fig S12. Analyses in Figs 1A and B, and 3B,

and in Appendix Figs S1, S2, S3, S8, S9, and S16 were performed

using custom-written MATLAB routines that measure the average

fluorescence intensity in manually selected regions. For Fig 1A and

B, and Appendix Figs S1 and S16, the regions were selected manu-

ally. For Fig 3B, a MATLAB routine was used to separate cells from

each other, using the watershed transform, and to thus determine

the cellular regions of interest.

The fluorescence signals of the GFP and of the immunostainings

in Appendix Fig S10 were measured by a MATLAB automatic

routine that first identified the GFP signals, by applying a threshold

to remove background signals, and then measured the intensity of

the immunostainings in the GFP-positive regions of interest. For all

analyses of the signal intensity in terms of “signal over back-

ground”, signal- and background-containing regions of interest were

manually determined, before dividing the average intensity in the

former by the average intensity in the latter.

The analysis of the DIC images in Fig 2 was performed using a

MATLAB routine that calculated the correlation coefficients of circu-

lar regions of interest (~500 nm in diameter), selected manually in

the first image, to every other image taken throughout the 60 min of

imaging. A similar analysis was performed for the fluorescent

images from Appendix Fig S4, using circular regions of interest

centered on particular organelles, selected by the user. Again, the

same analysis was performed for the GFP images, before and after

fixation, from Appendix Fig S6, and for the images of transferrin-

labeled and immunostained cells (Appendix Fig S11). The SDS–

PAGE gels in Fig 3A and Appendix Fig S7 were analyzed by measur-

ing the overall band intensity that is left after fixation compared to

the non-fixed sample. The entire length of the lanes was measured,

and the intensity was summed over all bands. To avoid the smear

induced by fixed molecules, which is especially evident in

glutaraldehyde fixation, the signal along the lanes was first

subjected to a high-pass filter.

The efficiency of preserving mitochondria during fixation

(Appendix Fig S5) was analyzed by measuring the lengths of mito-

chondria before and after fixation. Regions of interest containing

mitochondria were manually selected, and the mitochondria were

detected by a thresholding procedure. The mitochondria length was

then determined automatically.

For the analysis of the electron microscopy images (Appendix Fig

S15), synaptic vesicles were selected manually, and line scans were

applied to each vesicle.

For the analysis of the immunostained proteins in hippocampal

neurons (Appendix Figs S12–S14), structures that appeared to be of

organellar organization were identified and counted manually. This

analysis was done blinded, randomizing both the order and the

nature of the images. The number of objects was counted per

immunostained lm2, in order to take into account the different

amounts of neuronal structures per image.

To analyze the structure of the observed objects, 100 typical

objects were selected by an experienced observer, again in a blind

fashion. The objects were clicked on, to select the center of the

area. Square regions of interest, of several lm in width, were auto-

matically generated, centered on the selected objects, and were

preserved for further analysis. After all objects were selected, the

regions of interest were overlaid, and each was rotated in turn (in

5° increments, using both the real image and a mirrored image),

until the best possible alignment to the other regions of interest was

obtained. Only the area within 1 lm from the region of interest

center was used in measuring the alignments, to restrict the align-

ment analysis to the selected object, and not to other objects that

may have been present in the regions of interest. The strength of

the alignment was verified by calculating the Pearson’s correlation

coefficient at every angle. Once a best fit was found (with the maxi-

mal Pearson’s coefficient), all images were summed, and the aver-

age object was thus obtained (shown in Appendix Figs S13 and

S14). Line scans, obtained by drawing horizontal lines through the

individual typical objects (after rotation), are shown in the graphs

in these figures (in the form of mean � SEM of all 100 line scans

through the 100 typical objects).

Statistics

Typically measurements were performed over multiple cells and

experiments. For experiments studying multiple cells, such as

neuronal immunostainings, we typically used at least 10 individual

neurons in each analysis. For experiments involving single cells

(such as time series obtained on one cell), we performed at least

three independent experiments. For biochemical experiments, multi-

ple experiments were performed (2–7). The sample numbers were

increased if substantial variation was noted in the initial experi-

ments. All graphs depicted here were generated using Sigma Plot

(Systat Software, Inc). All bar graphs show mean values, and all

error bars represent the standard error of the mean (SEM), calculated

in Sigma Plot (except for the quantification of cardiomyocyte stain-

ings in Fig 9, which represents mean values with standard deviation

values). For statistical analyses in Fig 3A and Appendix Fig S16

(multiple comparisons), an one-way ANOVA with a post hoc Tukey

test was performed. For all other statistical analyses, the two-sided

Student’s t-test (unpaired) or Wilcoxon rank-sum test was applied to

the data using the in-built function in Excel or using MATLAB. For

Fig 1 and Appendix Figs S4 and S5, the number of independent

experiments tested (N) was below 5. The t-test was chosen, assum-

ing that the results come from a normal distribution. The justifi-

cation for this assumption is that the variation between experiments

is solely driven by experimenter (pipetting) errors, which are consid-

ered to be normally distributed. For larger data sets, we used the

Jarque–Bera test to verify the normal distribution of the data points.

If the Jarque–Bera tests indicated normal distributions, we used

t-tests for verifying differences between the samples. If one or both

of the distributions were different from the normal distribution,

according to the Jarque–Bera tests, we used a two-sample Wilcoxon

rank-sum test to verify differences between the samples.

For display purposes, images were adjusted in brightness and

contrast using ImageJ (Wayne Rasband, US National Institutes of

Health). If intensities were compared, image adjustments in bright-

ness and contrast were equally applied to all conditions.
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Animals

P14 to P18 and adult wild-type mice (Mus musculus) from the

substrain C57Bl/6J were obtained from the University Medical

Center Göttingen. Newborn wild-type Wistar rats (Rattus norvegi-

cus) for the preparation of primary hippocampal neuron cultures

were obtained from the University Medical Center Göttingen as well.

Drosophila melanogaster of the Canton S strain were maintained in

the laboratory, using conventional methods.

All animals were handled according to the specifications of the

University of Göttingen and of the local authority, the State of Lower

Saxony (Landesamt für Verbraucherschutz, LAVES, Braunschweig,

Germany).

Methods of collaborating labs can be found in the Appendix.

Expanded View for this article is available online.
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