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Flow Cytometry Analysis and Quantitative Characterization of 
Tau in Synaptosomes from Alzheimer’s Disease Brains

Karen Hoppens Gylys and Tina Bilousova

Abstract

Synaptosomes, resealed nerve terminals that form when tissue is homogenized in isotonic 

medium, are a model system that has been a key source of knowledge about neurotransmission. 

Synaptosomes contain mitochondria, cytoskeletal proteins, and release neurotransmitters; many 

have postsynaptic elements. Cryopreservation at the time of autopsy makes it possible to prepare 

synaptosomes from human samples. Flow cytometry is a powerful analytic technique that 

precisely measures fluorescence on a cell-by-cell basis, and also indicates particle size and 

complexity with a routine parameter that measures light scattering. We describe here a procedure 

for flow cytometry analysis of tau in synaptosomes, a procedure that enables (1) “purification” of 

synaptosomes from the P-2 fraction (crude synaptosomes) by gating on particle size, and (2) 

quantitative measure of tau immunofluorescence in individual terminals. Application of flow 

cytometry to study of synaptosomes has yielded important information, not possible with routine 

biochemistry, about synaptic pathology in Alzheimer’s disease.
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1 Introduction

The synapse is the functional unit of the brain, and synapse loss is thought to be an early 

correlate of cognitive deficits in Alzheimer’s disease (AD) [1]. However, synaptic boutons 

are poorly visualized at the level of light microscopy, and immunodetection of proteins of 

interest by EM are primarily qualitative and face technical issues that include epitope 

masking and fixation artifacts. Therefore many researchers have used the biochemical 

synaptosome preparation to study synaptic proteins and function. Synaptosomes are resealed 

nerve terminals formed when fresh brain tissue is gently homogenized in isotonic sucrose, 

forming spherical particles that contain mitochondria and the organelles for neurotransmitter 

release (Fig. 1a). Synaptosomes are primarily presynaptic with some adherent postsynaptic 

structures, and the preparation has been used extensively in pharmacology since the 1960s to 

study in vitro receptor binding and neurotransmitter release [2]. Classical protocols for 

purification include Ficoll discontinuous gradient purification of the initial crude 

synaptosomal pellet, also called the P2. Even with additional density gradient purification, 

synaptosome preparations are impure and contain free vesicles, mitochondria, myelin, and 
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membrane fragments; quantified by flow cytometry, purified synaptosome fractions contain 

~83 % synaptosomes labeled by a voltage-sensitive dye [3]. Gradient purification requires 

extra time and reduces viability, which has led to the use of the P2 fraction for study of 

functional processes not affected by the usual contaminants [2].

Flow cytometry, also referred to as fluorescence-activated cell sorting (FACS), is a widely 

used analytic instrument that provides rapid and simultaneous analysis of multiple 

characteristics of single cells, including cell size, complexity, and the fluorescence emitted 

by a wide range of dyes and fluorophore-conjugated antibodies. Flow cytometry offers the 

additional advantage of quantifying two parameters for fluorescence; both the positive 

fraction (% positive) and the brightness of fluorescence (relative fluorescence, RFU) are 

precisely measured for each particle. Several thousand cells/particles can be analyzed per 

second by suspension in a stream of sheath fluid that passes through multiple detectors [4]. 

Since synaptosomes are analogous to cells, flow cytometry analysis of synaptosomes 

represents a powerful approach to the study of synapses, and the earliest studies used Percoll 

gradient-purified synaptosomes [3, 5, 6]. However, reasoning that analysis of the P2 offered 

significant advantages in terms of faster preparation time and higher tissue yield, our lab 

developed procedures for flow cytometry analysis of P2 fraction beginning in 2000 [7]. 

Importantly, we have been able to demonstrate by a variety of methods that analysis of 

particles based on size and including only particles between 0.5 and 1.5 μm allows focus on 

a population of synaptosomes that is ~95 % pure [8–10], superior to the ~80 % purity 

obtained with gradient purification [3, 9].

A number of workers have studied synaptosomes prepared from human tissue obtained 

during surgery or at the time of autopsy [11–13], in which case it is cryopreserved in 

isotonic sucrose using protocols that have been previously optimized [14]. In some 

circumstances, including studies of tau release, we have expanded these cryopreservation 

strategies to include cryopreservation of P2 pellets after isolation. The structural and 

functional integrity of synaptosomes prepared from cryopreserved postmortem tissue has 

been repeatedly demonstrated by our group and more recently by others [15]; for example, 

99 % of size gated synaptosomes label with Fluo-4NW, a calcium-sensitive dye that 

indicates intact membranes and esterase activity [16]. We have recently shown 

depolarization-dependent release of tau from human AD synaptosomes [17], and a number 

of other authors have also measured functional endpoints using cryopreserved postmortem 

human synaptosomes [12, 18, 19]. The combined techniques of flow cytometry and 

synaptosome preparation offer quantitative answers to questions it is not possible to ask with 

routine biochemistry or pathology techniques, and we report here a detailed protocol for 

flow cytometry analysis of immunolabeled synaptosomes from human AD samples.

2 Materials

2.1 Solutions for Brain Tissue Cryopreservation and Synaptosome-Enriched (P2) Fraction 
Preparation

Prepare all the solutions using deionized water.
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For prolonged storage all water-based stock solutions need to be sterilized by filtration 
through 0.45 μm filters.

1. 0.2 M ethylene diamine tetraacetic acid (EDTA) stock solution: weigh 0.744 g of 

EDTA disodium salt (FW 372.2), add 8 ml of water, adjust the pH to 8.0 with 

constant stirring (see Note 1); when EDTA salt is completely dissolved adjust 

volume to 10 ml with water. Store the solution at room temperature (stable for 

more than 1 year).

2. 0.2 M ethylene glycol tetraacetic acid (EGTA) stock solution: weigh 0.761 g of 

EGTA (FW 380.4), add 8 ml of water, adjust the pH to 8.0 with constant stirring 

(see Note 1); when EGTA is completely dissolved adjust volume to 10 ml with 

water. Store the solution at room temperature (stable for more than 1 year).

3. 0.1 M phenylmethylsulfonyl fluoride (PMSF) stock solution: dissolve 0.174 g of 

PMSF (FW 174.2) in 10 ml of 100 % ethanol (protect from light). Divide into 

200 μl aliquots and store at −20 °C (stable for more than 1 year).

4. 0.1 M sodium pyrophosphate decahydrate (NaPP) stock solution: weigh 4.46 g 

of Na4P2O7·10H2O (FW 400.1) and dissolve in 100 ml of water. Store at 4 °C 

(stable for 3–4 weeks).

5. 1 M sodium fluoride (NaF) stock solution: dissolve 0.42 g of NaF (FW 41.99) in 

10 ml of water. Store at 4 °C (stable for more than 1 year).

6. 1.5 mM pepstatin A stock solution: dissolve 5 mg of pepstatin A (FW 685.9) in 5 

ml of 100 % Methanol. Divide into 100 μl aliquots and store at −20 °C, avoid 

freeze–thaw cycles (stable for more than 1 year).

7. 20 mM leupeptin stock solution: dissolve 10 mg of leupeptin (FW 475.6) in 1 ml 

of water. Divide into 100 μl aliquots and store them at −20 °C, avoid freeze–thaw 

cycles (stable for more than 1 year).

8. 1.5 mM aprotinin stock solution: dissolve 10 mg of aprotinin in 1 ml of water. 

Divide into 100 μl aliquots and store them at −20 °C, avoid freeze–thaw cycles 

(stable for more than 1 year).

9. Trypsin inhibitor (from soybean): dissolve 100 mg of trypsin inhibitor in 10 ml 

of water. Divide into 200 μl aliquots and store them at −20 °C, avoid freeze–thaw 

cycles (stable for more than 1 year).

10. 1 M Tris–HCl, pH 8.0: dissolve 12.1 g of Tris base in 90 ml of water. Adjust pH 

to 8.0. Bring up the volume to 100 ml with water. Divide into 1 ml aliquots and 

store at −20 °C (stable for more than 1 year).

11. Cryopreservation buffer (0.32 M sucrose, 2 mM EDTA, 2 mM EGTA, 0.2 mM 

PMSF, 1 mM NaPP, 5 mM NaF, 10 mM Tris–HCl, pH 8.0): to make 100 ml of 

1EDTA and EGTA compounds, especially in the free acid form, are almost insoluble in water. Place magnet stirring bar to the EDTA 
(EGTA) water mixture and place the beaker on the magnet stirrer hot plate. Stir constantly, carefully titrate with sodium hydroxide (10 
N NaOH) and continuously measure pH. Stop when pH reaches 8.0 and continue stirring until EDTA/EGTA is fully dissolved in 
water.
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cryopreservation buffer, weigh 11 g sucrose and dilute it in 90 ml of deionized 

water (see Note 2), add 100 μl of 0.2 M EDTA, 100 μl of 0.2 M EGTA, 200 μl of 

100 mM PMSF, 1 ml of 100 mM NaPP, 500 μl of 1 M NaF, and 1 ml of 1 M 

Tris–HCl, pH 8.0 stock solution. Adjust volume to 100 ml with water; keep the 

solution on ice until use.

12. P2 buffer (0.32 M sucrose, 1.5 μM pepstatin A, 0.75 μM aprotinin, 8 μM 

leupeptin, 1 μM trypsin inhibitor, 2 mM EDTA, 2 mM EGTA, 0.2 mM PMSF, 1 

mM NaPP, 5 mM NaF, 10 mM Tris–HCl, pH 8.0): to make 100 ml of P2 buffer, 

weigh 11 g sucrose and dilute it in 90 ml of deionized water, add protease and 

phosphatase inhibitors using stock solutions—100 μl of 1.5 mM pepstatin A, 50 

μl of 1.5 mM aprotinin, 40 μl of 20 mM leupeptin, 200 μl of 0.5 mM trypsin 

inhibitor, 100 μl of 0.2 M EDTA, 100 μl of 0.2 M EGTA, 200 μl of 100 mM 

PMSF, 1 ml of 100 mM NaPP, 500 μl of 1 M NaF, and 1 ml of 1 M Tris–HCl, pH 

8.0.

2.2 Solutions and Reagents for P2 Immunostaining and Flow Cytometry

1. Phosphate buffered saline (PBS): 0.01 M phosphate buffer, 0.0027 M potassium 

chloride, and 0.137 M sodium chloride, pH 7.4 (see Note 3).

2. 4 % paraformaldehyde (PFA) stock solution: weigh 2 g of paraformaldehyde, 

move it into 50 ml centrifuge tube, add PBS to reach 50 ml total volume, close 

and seal the tube with Parafilm and incubate overnight into water bath (55 °C). 

Next day let the solution to cool down to room temperature, recheck pH and 

adjust it to 7.4 if required. Filter the solution through 0.45 μm filter and store at 

4 °C (stable for 6 months).

3. Fixation buffer (0.25 % PFA in PBS, pH 7.4): add 625 μl of PFA stock solution 

to 9 ml 375 μl of PBS, vortex. Prepare fixation buffer fresh right before fixation 

step.

4. 10 % Tween 20 stock solution: add 1 ml or 100 % Tween 20 (see Note 4) to 9 ml 

of water, invert tube several times to mix, store at room temperature, protect from 

light (the solution is stable for a month).

5. Permeabilization buffer (0.2 % Tween 20 in PBS): add 1 ml of 10 % Tween 20 

stock solution to 49 ml of PBS. Invert tube or slightly vortex to mix.

6. Immunostaining/Blocking Buffer (2 % fetal bovine serum (FBS) in PBS, pH 

7.4): add 40 μl of FBS to 960 μl of PBS, pH 7.4. Invert tube or slightly vortex to 

mix.

2Sucrose solution without protease/phosphates inhibitors can be made in advance and either kept on ice or frozen at −20 °C for 
prolonged storage. Immediate cryopreservation of human brain autopsy samples is very important in order to minimize tissue 
degradation and obtain high quality synaptosomal fraction, thus all the possible advance preparation should be made to be able to start 
cryopreservation procedure as soon as the autopsy samples arrive to the laboratory.
3To standardize PBS composition we routinely use commercially available PBS tablets.
4Tween 20 (100 %) is highly viscous liquid, in order to accurately measure 1 ml of the reagent cut the very tip portion of pipette tip 
(around 3–5 mm), fill the pipette slowly, after release tween 20 to water, wash pipette tip a couple of times by pipetting up and down 
to make sure that a whole 1 ml of tween 20 is added to the solution.
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7. Washing buffer (0.1 % tween 20 in PBS): add 500 μl of 10 % Tween 20 stock 

solution to 49 ml of PBS. Invert tube or slightly vortex to mix.

8. Tau/ptau-specific antibodies and isotype control antibodies.

9. Presynaptic marker-specific antibody (for example, SNAP25, or Synaptophysin, 

or VGluT1-specific antibody).

10. Isotype control antibodies.

11. Zenon kits (see Note 5). Particular Zenon kits need to be selected based on the 

primary antibody host, isotype and suitable fluorophore type.

12. Polystyrene beads with 0.75, 1.5 and 4.5 μm in diameter.

3 Methods

All the procedures were carried out on ice unless specified. Unfixed human tissue is 

considered biohazardous material; always follow corresponding biosafety protocols to 

protect yourself and environment (see Note 6).

3.1 Human Brain Tissue Cryopreservation

1. Make cryopreservation buffer and keep it chilled on ice (see Subheading 2.1, 

step 11 and Note 2).

2. Weight fresh brain tissue (see Note 7) and calculate the volume of 

cryopreservation buffer based on 1:10 mass to volume ratio (10 ml of 

cryopreservation buffer for 1 g of fresh tissue).

3. Place brain tissue into a petri dish and add 2 ml of ice cold cryopreservation 

buffer. Mince the tissue into 1–3 mm fragments using a prechilled scalpel.

4. Transfer the minced tissue and buffer into a 15 ml or 50 ml caped centrifuge tube 

and add the rest of the cryopreservation buffer with inhibitors.

5. Placed the tube into Styrofoam boxes with insulating material for slow freezing 

to −80 °C (see Note 8).

5The ways to attach fluorescent tag to antibodies of interest is not limited to Zenon labeling technology; classical covalent primary 
antibody–fluorophore conjugates, secondary antibody conjugates etc. can be used. In our hands, Zenon kits perform extremely well: 
the labeling procedure is very fast (15 min), minimum amount of antibody is required for labeling reaction (starting from 1 μg), and 
Zenon reagents are isotype-specific which allows an additional flexibility for multicolor experiments. A limitation of Zenon kits, 
which needs to be taken into account, is that Fab fragment/antibody interactions are not as strong as covalent bonds, therefore flow 
cytometry needs to be performed fairly soon after the immunostaining step.
6Unfixed human tissue is considered hazardous material because it can potentially contain some infectious pathogens. Thus, always 
use personal protective equipment and work within a biosafety cabinet; it is especially important for the homogenization step when 
risk of aerosol formation is high. Aerosols can also be released during centrifugation steps, always use sealed centrifuge cups/rotors to 
protect yourself and environment.
7Keeping good notes about tissue weight is important, because based on this information you will estimate amount of buffer for 
homogenization of tissue during P2 fraction preparation later on. P2 preparation may be performed in months, sometimes even years 
after original cryopreservation of brain tissue.
8We use paper towels as insulation material, wrapping each tube into multiple layers of paper towels before placed in a Styrofoam 
box.
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3.2 Synaptosomal (P2)-Fraction Preparation and Cryopreservation

1. Remove a tube contained cryopreserved brain tissue from −80 °C freezer and 

place in warm (37 °C) water bath for 1–2 min to defrost perimeter.

2. Mix with 5 volumes of ice cold P2-buffer and shake vigorously until tissue is 

free.

3. Centrifuge the mix for 2 min at 1000 × g, 4 °C to pellet minced brain tissue.

4. Mix the pellet with 10 volumes of P2-buffer, based on the weight of fresh tissue 

before cryopreservation (1:10 mass to volume ratio; see Subheading 3.1, step 2 
and Note 7).

5. Homogenize tissue using a Teflon/glass homogenizer (clearance 0.1–0.15 mm) 

by eight gentle up and down strokes at 800 rpm. Save 200–500 μl of homogenate 

for P2-quality assay (see Note 9).

6. Centrifuge the rest of homogenate for 10 min at 1000 × g, 4 °C to isolate cell 

debris and nuclei (P1-fraction).

7. Collect supernatant (S1), place it into the clean pre-weighed centrifuge tube and 

centrifuge for 20 min at 10,000 × g, 4 °C to obtain crude synaptosomal P2 pellet 

(Fig. 1b).

8. Carefully discard supernatant (S2) and weight P2 pellet (see Note 10).

9. Resuspend P2 pellet in 10 (1:10 mass to volume ratio) volumes of P2-buffer.

10. Divide resuspended P2 fraction into 500 μl aliquots.

11. Placed the tube into Styrofoam boxes with insulating material for slow freezing 

to −80 °C (see Note 11).

3.3 Immunostaining of P2 Fraction

1. Remove a P2 fraction aliquot from −80 °C and thaw immediately in warm 

(37 °C) water bath for 1–2 min.

2. Transfer P2 fraction into a tube containing equivalent volume of ice-cold PBS 

and gently mix by pipetting up and down several times, avoid using vortex before 

fixation step. 10 cm

3. Centrifuge for 4 min at 4000 × g (4 °C) to pellet P2 fraction.

4. Decant the supernatant and resuspend the pellet in fixation solution, incubate for 

1 h at 4 °C.

9In addition to synaptosomal P2 fraction, we routinely save small portions of all other fractions (homogenate, P1, S1, and S2) to be 
able to monitor quality of P2 fraction by comparison of synaptic marker levels between those fraction by Western blotting. Moreover, 
the P1 fraction, with cell nucleus elements, can be used for genotyping.
10Transferring of the P2 pellet to a new tube or a weigh boat to determine weight can lead to loss of material. To avoid this, we use set 
of centrifuge tubes with known mass and weigh P2 without transferring to another container.
11The described double-cryopreservation protocol is not only adequate for maintenance of synaptosomal structures but also their 
functional integrity for functional assays, for example depolarization-induced tau release [17]. Based on our unpublished data, 
functional integrity of synaptosomes highly depends on postmortem interval (time between patient death and cryopreservation of brain 
tissue) but not so much on second cryopreservation of P2 fraction.
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5. Centrifuge the sample for 4 min at 4000 × g (4 °C) to pellet P2 fraction.

6. Decant supernatant.

7. Resuspend fixed P2 fraction in 500 μl permeabilization buffer (see Note 12).

8. Place the tube into the water bath (37 °C) and incubate for 15 min, invert the tube 

every 5 min.

9. Add 500 μl of PBS and centrifuge for 4 min at 4000 × g (4 °C) to pellet P2-

fraction. Decant supernatant.

Steps 10–12 Subheading 3.3 (Antibody conjugation using Zenon kit) should be 
performed in parallel with steps 7 and 8 Subheading 3.3.

10. Mix 18 μl of Immunostaining/Blocking Buffer with 1 μg of specific antibodies or 

isotype control antibodies for each immunostaining reaction (see Note 13).

11. Add 4.2 μl of corresponded Zenon kit Solution A (Fab fragments with 

conjugated Alexa dye) to the antibodies and incubate for 5 min at room 

temperature, protected from light.

12. Add 4.2 μl of Zenon kit Solution B (Stop solution) to the antibody/solution A 

mixture and incubate for additional 5 min at room temperature, protect from 

light.

13. Place 5 μl of P2 fraction (from step 9, Subheading 3.3) to a new tube

14. Add 25 μl of corresponded Zenon kit conjugated antibodies (from step 12, 

Subheading 3.3) or 25 μl of Immunostaining/Blocking Buffer (blank) to the tube, 

mix well and incubate for 30 min at room temperature, protect from light (see 
Note 14).

15. Add 1 ml of washing buffer to each reaction, mix well and centrifuge for 4 min 

at 4000 × g (4 °C).

16. Repeat the washing step 2 times, protect from light.

17. Resuspend immunostained P2-fraction in washing buffer and transfer to FACS 

tubes, protected from light.

3.4 Flow Cytometry (FC) Analysis

Periodical checking and monitoring of cytometer performance (laser alignment, laser time 
delay etc.) is beyond the scope of this chapter.

12If P2 immunostaining and flow cytometry can’t be performed on the same day, the fixed P2 fraction can be resuspended in 250 μl of 
PBS and kept at 4 °C overnight. Next day add 250 μl of 0.4 % Tween 20 in PBS to achieve the correct concentration of Tween 20 for 
permeabilization. Continue to follow the protocol from Subheading 3.3, step 8.
13Usually more than one P2 sample needs to be labeled with antibodies in a single experiment. In this case the Antibody/Zenon kit 
conjugation reaction can be scaled up based on how many individual staining reactions will be performed, and then the Antibody/
Zenon kit conjugation mixture is divided between multiple immunostaining reactions (25 μl per one reaction).
14In case of dual labeling experiments, the corresponding Zenon/Antibody conjugates can be added simultaneously (25 μl of each per 
reaction), but all volumes of blanks, isotype controls, and single labeled samples then need to be adjust to 50 μl.
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1. Run size calibration standards, we use polystyrene beads (0.75, 1.5, and 4.5 μm) 

and adjust the forward scatter (FSC) and the side scatter (SSC) detectors to place 

the populations of interest (synaptosome sizes are between 0.75 and 1.5 μm) on 

scale, adjust FSC threshold to exclude noise and apply FSC-based size gate (Fig. 

2a).

2. Run controls: unstained samples (blanks), negative (isotype) controls, and 

positive controls (samples labeled with antibodies against presynaptic markers; 

we routinely use SNAP25, synaptophysin or VGluT1 antibodies) and samples of 

interest to confirm and/or optimize the settings by adjusting voltage on 

corresponding detectors (Fig. 2b, c and Note 15).

3. Adjust fluorescent compensation by running single and multi-labeled samples, if 

multiple color data will be collected from each sample.

4. Collect from 5000 to 10,000 events within the size gate from each experimental 

sample.

5. Analyze the data (see Fig. 2d, e for an example).
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Fig. 1. 
Synaptosome preparation. (a) Homogenization of fresh brain tissue in isotonic sucrose 

solution induces formation of synaptosomes—avulsion and resealing of synaptic terminals, 

which may contain some postsynaptic elements and sometimes astrocyte end-feet. (b) 

Schematic illustration of synaptosome-enriched (P2) fraction preparation from brain 

homogenate
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Fig. 2. 
Flow cytometry analysis of synaptosomal preparations. (a) An example of size standard 

acquisition for FSC-based size gate establishment. (b) Background labeling in presence of 

isotype control antibodies (negative control): only 1.8 % from the total 10,000 events 

collected within applied size gates show positive signal with average intensity 46.3 relative 

fluorescence units (RFU). (c) Presynaptic marker (SNAP25)-positive events within the size 

gate (positive control): 97.6 % positive events with average intensity 345.8 RFU. (d) An 

example of p-tau (Ser369/Ser404 phosphorylation-dependent epitopes accessed by PHF-1 

antibody) signal in a synaptosomal fraction from normal human brain cortex: 9.4 % of p-tau 

positive events with average intensity 17.2 RFU. (e) An example of p-tau (PHF-1) signal in a 

synaptosomal preparation from brain of a subject with a late stage of Alzheimer’s disease: 

42.5 % of p-tau positive events with average intensity 76.9 RFU
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