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A B S T R A C T   

Background: The neuronal and gliaI populations within the brain are tightly interwoven, making isolation and 
study of large populations of a single cell type from brain tissue a major technical challenge. Concurrently, cell- 
type specific extracellular vesicles (EVs) hold enormous diagnostic and therapeutic potential in neurodegener
ative disorders including Alzheimer’s disease (AD). 
New method: Postmortem AD cortical samples were thawed and gently dissociated. Following filtration, myelin 
and red blood cell removal, cell pellets were immunolabeled with fluorescent antibodies and analyzed by flow 
cytometry. The cell pellet supernatant was applied to a triple sucrose cushion for brain EV isolation. 
Results: Neuronal, astrocyte and microglial cell populations were identified. Cell integrity was demonstrated 
using calcein AM, which is retained by cells with esterase activity and an intact membrane. For some experiments 
cell pellets were fixed, permeabilized, and immunolabeled for cell-specific markers. Characterization of brain 
small EV fractions showed the expected size, depletion of EV negative markers, and enrichment in positive and 
cell-type specific markers. 
Comparison with existing methods and conclusions: We optimized and integrated established protocols, aiming to 
maximize information obtained from each human autopsy brain sample. The uniqueness of our method lies in its 
capability to isolate cells and EVs from a single cryopreserved brain sample. Our results not only demonstrate the 
feasibility of isolating specific brain cell subpopulations for RNA-seq but also validate these subpopulations at the 
protein level. The accelerated study of EVs from human samples is crucial for a better understanding of their 
contribution to neuron/glial crosstalk and disease progression.   

1. Introduction 

Based on advances in cell transcriptomic techniques, the last 5–10 
years have seen an enormous surge of studies focused on microglial 
subtypes in a number of acute and chronic neurologic diseases that 
include traumatic brain injury and Alzheimer’s disease (AD). Impor
tantly, cell-specific transcriptomics are relevant for study of all brain cell 
populations including neurons, astrocytes, endothelial cells, and 

oligodendrocytes, always with the requirement of obtaining a pure 
subtype population, generally using flow cytometry or laser microdis
section. As a key example, a number of AD-specific microglial sub
populations have been identified that include disease associated 
microglia (DAM) (Keren-Shaul et al., 2017), APOE-driven neurodegen
erative microglia (Krasemann et al., 2017), and dark microglia (Bisht 
et al., 2016). Other papers show specific phenotypic changes associated 
with astrocytes in Alzheimer’s, including induction of A1 astrocytes 
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(Liddelow et al., 2017), disease-associated astrocytes (DAAs) as well as 
others, including interferon-positive astrocytes (Hasel et al., 2021; 
Mathys et al., 2019). There was also evidence of astrocytic phenotypes 
that were maintained in control and AD brain but showed underlying 
gene expression changes (Sadick et al., 2022). However, recent guide
lines emphasize that labeling of astrocytes and microglial states over
simplifies the complicated physiologic responsiveness of both cell types 
and should be avoided (Escartin et al., 2021). However, much of the data 
on phenotypes is based on RNA sequencing (RNAseq) changes, not 
proteomic changes, likely more accurate reflections of function, and 
functional loss, in AD cell subtypes. Furthermore, much of the RNAseq 
data which was used to find particular microglial and astrocytic phe
notypes was performed in mouse models of AD and either does not 
replicate or shows lower overlap with human phenotypes (Grubman 
et al., 2021; Mathys et al., 2019; Zhou et al., 2020). This may be due to 
the inherent weaknesses of AD mouse models (e.g. lack of neurofibril
lary tangles) as well as agonal state and post-mortem interval effects on 
human brain tissue. 

Small extracellular vesicles (EVs) are a separate topic of great in
terest across disciplines from cancer biology to neurodegeneration, 
although almost nothing is known about the pathological functions of 
different brain extracellular vesicles. Small EVs is an umbrella term 
encompassing nanoscale vesicles (30–200 nm) of various origins, which 
include small-size ectosomes, derived from plasma membrane, and 
exosomes, a subset of small EVs derived from multivesicular bodies 
(Buss et al., 2021; Rastogi et al., 2021; Welsh et al., 2024). They carry as 
cargos a number of specific proteins, lipids, and microRNAs (miRNAs), 
and have a number of cell signaling functions, including spread of 
neuroinflammation and misfolded proteins, particularly tau, in neuro
degeneration (Asai et al., 2015; Fernandes et al., 2018; Gao et al., 2019; 
Guix et al., 2018; Kaufman et al., 2017; Polanco et al., 2016). Recent 
studies have also focused on the enormous potential of small EVs, as 
diagnostic biomarkers with potential therapeutic applications (Buss 
et al., 2021; Rastogi et al., 2021), particularly for Alzheimer’s disease. 
EVs can be isolated by size using ultracentrifugation and size exclusion 
chromatography (SEC), and can also be isolated by precipitation, 
immunocapture, ultrafiltration, field-flow fractionation, and micro
fluidics, or a combination of methods (Stam et al., 2021). 

Transcriptomic approaches have exploded in recent years but com
plex tissues like brain require dissociation, and the subsequent rapid 
decline of cell and RNA quality has generally necessitated use of animal 
models or immediately postmortem or postoperative human samples 
(Olah et al., 2020), a great constraint on experimental design. Cryo
preservation prevents the formation of ice crystals and is routinely used 
to bank immortalized cell lines for tissue culture, and has been used to 
isolate neural stem cells from human biopsy samples that are equally 
viable to those from fresh tissue (Palmero et al., 2016). We and a number 
of other labs routinely bank cryopreserved human postmortem tissue in 
order to use the synaptosome model system of resealed nerve terminals 
(Ahmad and Liu, 2020). With the goal of making isolation of brain cell 
types possible with banked tissue, at the same time maximizing indi
vidual samples by allowing cell-specific small EV isolation from the 
same samples, we have developed a protocol for simultaneous isolation 
of cells and small EVs from cryopreserved human postmortem samples. 

2. Materials and methods 

2.1. Materials 

Directly-labeled antibodies, except for those targeting myelin basic 
protein (MBP), were used for fluorescent labeling of cells in dissociation 
experiments. The Zenon isotype-specific labeling kit (Thermo Fisher 
Scientific, Rockville, IL) was utilized according to the manufacturer’s 
instructions to fluorescently label MBP antibodies. Fluorophores were 
carefully chosen for each experiment to prevent spectral overlap and the 
need for compensation in flow cytometry experiments. Table 1 lists all 

the antibodies employed for flow cytometry, immunoprecipitation, and 
immunoblotting analyses in the paper. Isotype control antibodies were 
utilized to determine non-specific binding. 

2.2. Cryopreservation of human samples 

Human AD cortical samples, generally from 1 to 2 g, were prepared 
as described in (Gylys and Bilousova, 2017); for dissociation experi
ments, only cases with PMI ≤ 6 h were used. Briefly, following har
vesting of human brain from Brodmann areas A7, A9, A39 or A40, tissue 
was finely minced (1–3 mm fragments) on ice and suspended in a so
lution of sucrose and protease inhibitors (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), with 10 mL sucrose buffer/g tissue, and then slowly frozen to 
–80 ◦C; this protocol is based on a previous optimization (Dodd et al., 
1986). For certain experiments, minced tissue samples were kept in 
commercial Hibernate media (Gibco, Thermo Fisher Scientific, Rock
ville, IL) for a brief duration instead of undergoing immediate cryo
preservation. Detailed information for all cases used in the paper are 

Table 1 
List of antibodies used for flow cytometry, immunoprecipitation and immuno
blotting analysis.  

Antibody target 
(Fluorophore) 

Manufacturer / Catalog # 

CD63 Thermo Fisher / 10628D 
CD9 Thermo Fisher / 10626D 
ALIX Santa Cruz Biotech / sc-99010 
Syntenin-1 Santa Cruz Biotech / sc-515538 
GM130 Cell Signaling Tech / 12,480 T 
Calnexin Santa Cruz Biotech / sc-23964 
CD171 / L1CAM Thermo Fisher / MA1–46044 
Isotype control for CD171 BioLegend / 400,102 
CD11b BioLegend / 101,214 
Isotype control for CD11b BioLegend / 400,622 
GLAST / ACSA-1 Miltenyi Biotec / 130–095–822 
Isotype control for GLAST BioLegend / 401,502 
MOG Santa Cruz Biotech / sc-166172 
CD56 (PE-Vio770) Miltenyi Biotec / 130–113–870 
NeuN (Alexa fluor 674) Abcam/ ab190565 
CD11b (VioBlue) Miltenyi Biotec / 130–110–558 
GFAP (PE) Miltenyi Biotec / 130–105–329 
TGF-β (VioBright FITC) Miltenyi Biotec / 130–106–994 
O4 (APC) Miltenyi Biotec / 130–119–155 
MBP (Zenon: Alexa fluor 488) Calbiochem / NE1018 
Isotype control for MBP (Zenon: Alexa fluor 488) Biolegend/ 400,102  

Table 2 
Case information for human samples.  

Case Sex Age PMI 
(h) 

Braak 
Stage 

Plaque 
Stage 

Figures used from 
Cases 

AD 1 M  87  5.5 V-VI B Fig. 2A 
AD 2 M  89  4.25 V C Fig. 2B - D 
AD 3 F  93  5.58 V C Fig. 3 
AD 4 F  92  4.75 VI C Fig. 4A-D 
CTL 1 F  65  6 I 0 Fig. 4A-D 
AD 5 F  87  6.03 VI C Fig. 4C and D 
AD 6 F  95  6.2 VI C Fig. 4C and D 
AD 7 M  88  6.55 VI C Fig. 4C and D 
AD 8 M  86  4.83 V B Fig. 4C and D 
AD 9 M  95  4.83 V B Fig. 4C and D 
AD 

10 
F  73  5.75 VI C Fig. 4C and D 

AD 
11 

F  91  4.38 VI B Fig. 4C and D 

AD 
12 

F  55  5.57 VI B Fig. 4C and D 

AD 
13 

F  90  6.33 VI B Fig. 4C and D 

CTL 2 F  91  6.85 II 0 Fig. 4C and D 
CTL 3 F  100  3.75 III 0 Fig. 4C and D  
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listed in Table 2. 

2.3. Cell dissociation 

Cryopreserved human AD and control brain samples were quickly 
defrosted at 37 ◦C, centrifuged at 1000xg for 2 min at 4 ◦C to remove 
cryopreservation buffer. Cell suspensions were processed for 30 min at 
37 ◦C using a brain dissociation kit either with papain or with trypsin 
and the gentleMACS Octo dissociator (all three from Miltenyi Biotec, San 
Diego, CA), according to manufacturer’s instructions. The Papain kit 
yielded the highest number of live cells in a recent paper comparing six 
different enzyme protocols for cell dissociation from rodent brain 
(Hussain et al., 2018), but some surface proteins, for example astrocytic 
marker glutamate aspartate transporter (GLAST) (Kantzer et al., 2017), 
are sensitive to papain treatment, thus the dissociation method was 
chosen based on the downstream analysis. Following dissociation, the 
single-cell suspension was passed through MACS SmartStrainers (70 μm; 
Miltenyi Biotec, San Diego, CA) and then centrifuged at 300 x g for 
10 minutes at 4 ◦C, followed by myelin removal and red blood cell (RBC) 
removal per kit instructions. A small amount of cell pellet after the first 
centrifugation was supplemented with protease and phosphatase in
hibitors and stored at − 80 ◦C until homogenization. For immunolabel
ing, purified brain cells were first incubated with antibodies for cell 
surface markers (e.g., CD11b), then fixed and permeabilized prior to 
incubation with antibodies to intracellular proteins (e.g. NeuN). Labeled 
cells were analyzed by flow cytometry using an LSRII cytometer (Becton 
Dickinson, Franklin Lakes, NJ) and FCS Express software version 5 
(DeNovo Software, Pasadena, CA). Two types of data were recorded for 
each marker: the percentage of intact cells that labeled for the marker (i. 
e. positive population) and the intensity of marker labeling within the 
positive population, measured in relative fluorescence units (RFU). 

2.4. Isolation of brain-derived EVs 

The supernatant was centrifuged at 2000 x g for 10 min at 4 ◦C, and 
then the resulting supernatant was collected and subjected to centrifu
gation at 10,000 x g for 30 min at 4 ◦C. The supernatant obtained from 
the last centrifugation step was layered onto a triple sucrose cushion 
gradient for ultracentrifugation (180,000 x g for 3 h, 4◦C) (Vella et al., 
2017). As described, Fractions 1–3 (F1–3) were collected, diluted, and 
subjected to a final spin (100,000 x g for 1 hour, 4◦C) to pellet the 
vesicles. The pelleted vesicles were then suspended in 25 mM trehalose 
in phosphate buffered saline (PBS) to prevent aggregation and cryo
damage, aliquoted, and slowly frozen at − 80 ◦C. Before downstream 
analysis, sample aliquots were quickly thawed for 1 minute at 37 ◦C. 

2.5. Transmission electron microscopy (TEM) 

Samples from F1, F2, and F3 fractions were fixed on Formvar/Carbon 
400 mesh, Copper TEM grids (Ted Pella, Redding, CA) using a glutar
aldehyde/paraformaldehyde solution. Following fixation, they were 
stained with a 2 % uranyl acetate solution and imaged using a JEOL 
100CX electron microscope at a magnification of 29,000x. 

2.6. Tunable resistive pulse sensing analysis (TRPS) 

Size distribution and concentrations of small EVs (F2) were 
measured by TRPS method using the qNano Gold instrument (Izon 
Science). NP100 nanopore (particle size range: 50–330 nm) and CPC100 
calibration particles were used for the analysis. Data analysis was per
formed using the qNano Gold instrument software. 

2.7. Immunoprecipitation of cell-specific small EVs 

Antibodies, anti-CD171, anti-CD11b, anti-GLAST, and corresponding 
isotype control antibodies (Table 1) were covalently coupled to M-270 

Epoxy Dynabeads using conjugation kit (Thermo Fisher Scientific, 
Rockford, IL) according to manufacturer’s instructions. Small EV frac
tion (F2) isolated using trypsin-based tissue dissociation protocol was 
incubated with a human-specific FcR blocking reagent (Miltenyi Biotec, 
San Diego, CA) for 5 minutes, diluted 1:20 with 1 %BSA in PBS, pH 7.4, 
and then used for immunoprecipitation (IP). An equal amount of the 
diluted F2 fraction was incubated with CD171-specific Dynabeads and 
with corresponding isotype control-coupled beads overnight at 4 ◦C with 
rotation. After the incubation, Dynabeads with bound neuronal EVs and 
isotype control beads were collected using a magnet, and the remaining 
F2 fraction was utilized for subsequent IP reactions with anti-CD11b, 
anti-GLAST-coupled Dynabeads, and their corresponding isotype 
control-coupled Dynabeads. The incubations were carried out for 
3 hours at 4◦C with rotation. After the IP reaction, Dynabeads were 
washed with 0.1 % BSA in PBS, then with 25 mM citrate-phosphate 
buffer, pH 5 to reduce the amount of nonspecifically bound material 
as previously described (Heinzelman et al., 2016), followed by two 
washes with PBS, pH 7.4 (10 min at RT with rotation) and frozen at 
− 80 ◦C for downstream analysis. 

2.8. Western blotting 

Samples were separated by non-reducing gel electrophoresis on 
Novex, 15 well 10–20 % Tris-Glycine gradient gels (Thermo Fisher 
Scientific, Rockford, IL). For marker comparison between the EV frac
tion and the corresponded cell fraction, the equal amount of total pro
tein (5 µg) was loaded per lane, measured using the bicinchoninic acid 
(BCA) assay (Thermo Fisher Scientific, Rockford, IL). After transferring 
to Immobilon-P PVDF membrane (Millipore Sigma, Burlington, MA) 
Western blot analysis with primary antibodies (see Table 1) and corre
sponded secondary HRP-conjugated IgG (Jackson Immunoresearch) was 
performed. Immunolabeled proteins were visualized by SuperSignal 
West Femto maximum sensitivity substrate (Thermo Scientific, Rock
ford, IL). Results were obtained and quantified using a UVP BioSpectrum 
600 imaging system equipped with VisionWorks Version 6.6 A software 
(Upland, CA). 

2.9. Statistical Analysis 

The Levene’s test and Shapiro-Wilk test were performed to determine 
if the assumptions of variance homogeneity and normality of data, 
respectively, were observed for all groups being compared. Student’s t 
test was performed if these two assumptions were held while a Mann- 
Whitney U (MWU) test was performed when the assumption of 
normality failed. All group comparisons showed homogeneity of vari
ance (i.e. showed a p value greater than 0.05 for Levene’s test). 

3. Results 

3.1. Isolation of intact brain cell types from cryopreserved samples 

The major steps in the synchronized isolation of brain cells and small 
EVs from cryopreserved human brain tissue are illustrated in Fig. 1. 
After gentle enzymatic and mechanical dissociation (Step 1), removal of 
large undissociated debris (Step 2), and low speed centrifugation to 
pellet brain cells (Step 3), the supernatants used for small EV isolation, 
and the cell pellets underwent additional purification steps separately. 
Following cell debris removal (including myelin) and RBC removal 
steps, cells were immunolabeled and analyzed using flow cytometry. 

Most brain cell dissociation studies identify a ‘live cell’ population 
that is distinct from the huge signal coming from the dead cells in the 
mix; this is usually illustrated with the light scattering parameters of 
forward scatter (FSC; proportional to size) and side scatter (SSC; related 
to cell granularity). Results (Fig. 2A) show the expected major popula
tion of dead cells and debris along with a smaller separate population of 
intact cells that have a lower SSC:FSC ratio; these plots have a similar 
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appearance to those in the literature (Bennett et al., 2016; Srinivasan 
et al., 2016; Wylot et al., 2015). A similar gate drawn for intact cells is 
the first analytic step in each subsequent experiment. In this experiment 
we included a viability marker showing intact cells using calcein AM, a 
marker for cell viability, which labels cells with an intact membrane and 
esterase activity; the calcein signal was co-localized with the neuronal 
cell adhesion molecule (NCAM) signal (also known as CD56; Fig. 2A). 
For the AD sample presented in Fig. 2A, around 66 % of the intact 
population were calcein AM-positive, indicating that intact cells sur
vived cryopreservation and the dissociation procedure. 

3.2. Simultaneous labeling of neurons, astrocytes, and microglia from AD 
patient tissue 

Next, we applied flow cytometry to distinguish different cell types 
within the intact cell population. For the experiment shown in Fig. 2B-D, 
three markers were used to label an AD sample: NeuN (neuronal nuclei, 
a neuron marker), GFAP (glial fibrillary acidic protein, an astrocyte 
marker), and CD11b (a marker for activated microglia). For each anti
body, isotype controls demonstrate the level of background fluorescence 
(Fig. 2B-D, left panels). For this experiment, approximately 8 % of intact 
cells labeled positively for NeuN (Fig. 2 B, right), ~31 % of intact cells 
stained positively for GFAP (Fig. 2C, right), and ~3 % of intact cells 
stained positively for CD11b (Fig. 2D, right). 

3.3. CD11b and TGFβ label the same population of microglia 

To further characterize microglia from the intact cell population 
isolated from AD brain, we immunolabeled dissociated cells with two 
microglial markers: CD11b and transforming growth factor β1 (TGFβ1;  

Fig. 3A-C). CD11b is a widely used microglial marker, and TGFβ1 is a 
marker of homeostatic microglia that has previously been shown to be 
downregulated in mouse models of AD and in some other mouse models, 
leading to ensuing microgliosis (Butovsky et al., 2014; Krasemann et al., 
2017), though transcriptomically unchanged in human AD (Mathys 
et al., 2019; Zhou et al., 2020). 

In the AD brain tissue sample, approximately 19 % of intact cells 
stained positively for CD11b (Fig. 3A, right), and approximately 18 % 
were positive for TGFβ1 (Fig. 3B, right). The quadrant analysis showing 
co-localization of the CD11b and TGFβ1 signals is shown in Fig. 3C 
(right); ~94 % of CD11b-positive cells are co-localized with TGFβ1. 
Isotype controls for both antibodies are shown on the left panels. 

3.4. Mature and immature oligodendrocytes in AD cortex 

White matter degeneration is evident early in AD and contributes to 
cognitive loss; at the same time the high metabolic demand of differ
entiating oligodendrocyte precursor cells (OPCs) further impacts disease 
progression (de la Monte and Grammas, 2019; Spaas et al., 2021). To 
identify oligodendrocytes in our sample, we used two markers: myelin 
basic protein (MBP), an indicator for mature oligodendrocytes, and O4, 
a marker of both mature and immature oligodendrocytes. Fig. 3D-F 
shows flow cytometry analysis of oligodendrocytes, with MBP and O4 on 
the right (Figs. 3D and 3E, respectively) and the background staining for 
each experiment on the left. We observed that ~28 % of intact cells were 
positive for MBP and 5 % of intact cells were positive for O4. 

The bivariate plots in Fig. 3F illustrate the co-localization of MBP and 
O4 signals. The majority (~23 %) of the cells label only with MBP, with 
~9 % showing co-localization, reflecting the presence of mostly mature 
oligodendrocytes along with a small number of immature 

Fig. 1. Schematic flow chart for isolation of cells and cell-specific small EVs. Overview of procedural steps for cells (left) and small EVs (right).  
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Fig. 2. Isolation of intact cells and major brain cell types from cryopreserved human cortex. (A) Light scattering parameters of forward scatter (FSC; proportional to 
size) and side scatter (SSC; related to cell granularity), showing the intact cell population with a lower SSC:FSC ratio (left). Calcein AM, a viability marker, labels cells 
with an intact membrane and esterase activity; the calcein signal was co-localized with the neuronal signal (NCAM; right). (B-D) Single sample immunolabeled for 
brain cell types: neuronal cell population (NeuN; B), astrocytes (GFAP, C), and microglia (CD11b, D). Background labeling is shown at left for each antibody. 
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oligodendrocytes that express both proteins. 

3.5. Comparison of CD11b-positive populations between late-stage AD 
and control cases 

We expanded our study to include a cohort of 3 control and 10 late 
stage (Braak V-VI) AD cases (Table 2) and labeled them for CD11b and 
TGFβ1. Representative results for CD11b and TGFβ1 labeling are shown 
in Figs. 4A and 4B, respectively, with background staining, Control, and 
AD case from left to right. There were no significant differences between 
Control and AD groups in the percentage of CD11b- and TGFβ1-positive 
intact cells and their relative levels of fluorescence intensity (Fig. 4C and 
D). 

3.6. Isolation of cell-specific small EVs 

We used a combination of differential and density gradient ultra
centrifugation methods (Fig. 1), which are the most widely used tech
niques for EV isolation (Stam et al., 2021). Similar to a number of related 
protocols based on an early method by Thery et al., there are five major 
centrifugation steps. These include two low-speed spins to remove cells, 
an intermediate spin at 10,000 g to eliminate cell debris, and two final 
ultracentrifugation steps to isolate EVs and remove contaminating pro
teins (Thery et al., 2006). The density gradient ultracentrifugation step 
in the current protocol uses a triple sucrose gradient to enrich for small 
EVs, assisting in their separation from proteins and reducing damage 

from high g-forces (Vella et al., 2017). Transmission electron micro
scopy (TEM) analysis of fractions 1–3 reveals that F1 contained large 
vesicles and membrane pieces larger than 200 nm in diameter (Fig. 5A, 
left). F2 exhibited an abundance of small EVs, mostly ranging in size 
from 50 to 200 nm (Fig. 5A, center), along with a few smaller vesicles 
(~10 nm). These small vesicles are likely to be high or intermediate 
density lipoprotein particles, which are common contaminants in EV 
samples (Stam et al., 2021). Fraction F3 exhibited the smallest and 
fewest vesicles (Fig. 5A, right). Fraction F2 was collected and charac
terized as the small EV fraction in accordance with the Minimal Infor
mation for Studies of Extracellular Vesicles (MISEV) guidelines (Vella 
et al., 2017; Welsh et al., 2024). Tunable Resisting Pulse sensing analysis 
(TRPS) is congruent with TEM results (Fig. 5B) and shows a peak size in 
the range 75–150 nm, consistent with the size of small EVs. The isolated 
small EV fraction demonstrated a high enrichment in all analyzed pos
itive EV markers (CD63, CD9, ALG-2 interacting protein X, ALIX), except 
for one (syntenin-1), compared to corresponding cell homogenates 
(referred to as “cells”; Fig. 5C). Additionally, negative control markers, 
the endoplasmic reticulum protein calnexin (CNX) and Golgi apparatus 
protein GM-130, were depleted in the small EV fraction (Fig. 5C). These 
results indicate a high yield and the high purity of the small EV fraction. 
Fig. 5D demonstrates the cell–specific markers: neural cell adhesion 
molecule L1 (L1CAM), also known as cluster of differentiation molecule 
CD171 (predominantly neurons; ~140 kDa), CD11b (microglia; 
~130 kDa), fragments of GLAST (astrocytes; ~60 kDa), and myelin 
oligodendrocyte glycoprotein (MOG) (oligodendrocytes; ~30 kDa), 

Fig. 3. Microglial and oligodendrocyte populations in human cortex. (A-C) CD11b (A) and TGFβ (B) immunolabeling of microglia is co-localized as shown in the 
upper right quadrant of the bivariate plot (C). Background labeling with isotype control is shown at left for each. (D-F) MBP immunolabeling of mature oligo
dendrocytes (D) and O4 labeling of both mature and immature oligodendrocytes (E); ~9 % of cells are dual labeled, with 23 % positive for MBP only (F). Background 
labeling with isotype control is shown at left for each antibody. 
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Fig. 4. CD11b-positive cell population in human cortex from control and late-stage AD cases. (A) CD11b and (B) TGFβ1 immunolabeling in the parietal cortex: 
isotype control (left), control brain (middle) and AD brain (right). (C) CD11b percent positive (left) and RFU (right) from the intact cell population in control and AD 
brains. (D) TGFβ1 % positive (left) and RFU (right) from the intact cell population in control and AD brains. n=3 for Control, n=10 for late-stage AD cases. 
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confirming our ability to identify cell-type specific surface markers 
which could be used to isolate cell-specific small EVs. GLAST is known to 
be sensitive to papain (Kantzer et al., 2017), thus for consecutive 
immunoprecipitation of cell-specific small EVs we used trypsin-based 
dissociation of brain tissue. Fig. 5E shows a scheme of sequential 
isolation of neuronal (CD171-positive), microglial (CD11b-positive), 
and astrocytic (GLAST-positive) small EVs. Immunoblot analysis 
demonstrated the enrichment of EV marker CD63 in immunoprecipi
tated cell-specific EVs when compared to corresponding isotype controls 
(Fig. 5F). Note that the neuronal specificity of CD171 (L1CAM), a pro
tein generally regarded as a marker of neurons, has been questioned as it 
is expressed in oligodendrocytes and cells outside of the brain (Hill, 
2019). Therefore, potentially different neuronal markers or even a 
combination of markers may benefit the accuracy and yield of 
cell-specific EV isolation. Our isolation method provides a pathway for 
purification of cell-type specific small EVs and allows detailed 
biochemical and omics analysis as we recently published (Cohn et al., 
2021). 

4. Discussion 

The present study demonstrates our ability to successfully isolate 
multiple different brain cell populations along with cell-specific small 
EVs from a single cryopreserved human AD sample. In most banks, the 
bulk of human postmortem tissue is either flash frozen at − 80 ◦C, 
formalin fixed, or formalin fixed and paraffin-embedded for long term 
storage, in which the condition of DNA, RNA, and protein may be 
compromised, based on the agonal state, post-mortem delay, tempera
ture of storage, and procedures of tissue preparation (Ferrer et al., 
2008). More recently, cryopreservation has also been used for single cell 
RNA sequencing studies, in some studies with comparable gene 
expression results, although reduced cell yield and some cell damage 
was noted in one study (Denisenko et al., 2020; Ferrer et al., 2008; 
Guillaumet-Adkins et al., 2017). The advantage of human tissue over 
animal or in vitro studies are enormous and many useful results have 
been obtained, but the literature is clear that there is substantial vari
ability across all studies of human postmortem brain, based on meth
odological details that include tissue and cell type, temperature and 
method of dissociation, and the analytic workflow (AlJanahi et al., 
2018; Guillaumet-Adkins et al., 2017; Mattei et al., 2020). A number of 
labs routinely cryopreserve tissue with DMSO or sucrose solutions, pri
marily for studies of synaptosomes (resealed nerve terminals) (Biese
mann et al., 2014; Fein et al., 2008; Gajera et al., 2019). Cryopreserved 
postmortem human synaptosomes can also be used for functional studies 
of synapses such as dopamine transport (Mash et al., 2002), glutamate 
and GABA release (Kuo and Dodd, 2011), tau release (Sokolow et al., 
2015), and chemical LTP (Prieto et al., 2017). The successful use of 
cryopreservation in tissue culture and for functional synaptosomes 
highlights the degree to which membranes and proteins are preserved. 

TGFβ has been considered a M2 phenotype marker with anti- 
inflammatory and protective properties (Jurga et al., 2020), some
times considered ‘homeostatic’ (Krasemann et al., 2017). Historically, 
CD11b has been considered to label activated as well as resting micro
glia; more recent studies consider it part of the canonical or core tran
scriptional microglial signature (Patir et al., 2019). A recent RNA-seq 
study of a large population of postmortem human microglia showed 
~80 % in clusters thought to represent ‘homeostatic’ microglia (Olah 

et al., 2020). Importantly, recent expert consensus cautions against la
beling the activation state of glial cells based on transcriptomic studies 
or small groups of markers (Escartin et al., 2021). Therefore, we report 
only the size of the positive fraction (18–19 %) and the complete 
colocalization that we observe for CD11b with TGFβ in individual AD 
cortical microglia (Fig. 3C). TGFβ in its latent form is associated with the 
plasma membrane of microglia via leucine-rich repeat-containing pro
tein 33 (LRRC33) (Qin et al., 2018), so its co-localization with CD11b is 
expected. In a small cohort study that included three control and ten AD 
cases, we didn’t observe a significant difference in the percentage of 
CD11b- and TGFβ- positive cells and the relative fluorescent intensity in 
the positive cell populations (Fig. 4A-D). Our TGFβ results are in line 
with transcriptomic studies who found no change in TGFβ1 expression in 
AD patients compared to controls (Mathys et. al., 2019, Zhou et. al., 
2020). It is important to mention that brain cells positive for CD11b may 
be macrophages entering from the periphery. In future experiments, we 
plan to further validate microglia by labeling with CD44 and CD169, 
specific markers not seen in microglia but expressed by activated, 
infiltrating monocytes (Bennett et al., 2016; Butovsky et al., 2012). A 
notable advantage of the present method is the ability to document the 
colocalization of key markers in individual cells in hypothesis-driven 
experiments. 

Oligodendrocyte progenitor cells are resident cells of the adult pa
renchyma and have many functions beyond myelination that include 
maintenance of the blood brain barrier and releasing immune modula
tors (Akay et al., 2021). Mature oligodendrocytes are expected to label 
with both MBP and O4, but we see a majority of cells label with MBP 
only. The relatively low level of dual labeling may reflect a lower 
expression level of O4, and may also represent a loss of regenerative 
capacity in the late AD cortical sample (de Castro and Bribian, 2005). 
The method presented here offers a novel option to study this and other 
cell populations, such as endothelial cells, at the protein level. 

Transcriptomic and histological studies (Mathys et al., 2019; Pelvig 
et al., 2008; Zhou et al., 2020) show cell type proportions that are 
25–60 % neuronal, 5–20 % astrocytic, 5–10 % microglial, 30–44 % 
oligodendrocytic, with minor amounts (0–2 %) of endothelial cells and 
pericytes. Our data mostly correlate with these estimations obtained by 
the different methods, with around 70–90 % of total intact cells labeled 
by neuronal (~10 %; Fig. 2B), astrocytic (~ 30 %; Fig. 2C), microglial 
(~3–20 %; Fig. 2D and Fig. 3A), or OPC/oligodendrocytic (~30%; 
Fig. 2D and E) markers in AD parietal cortex. The reduced level of 
neurons observed by our method may be explained by their higher 
sensitivity to mechanical dissociation due to their specific morphology 
with extensive dendritic and axonal processes. The remining intact cells 
(approximately 10–30 % depending on the case) may be derived from 
the blood, blood vessels or blood-vessel associated areas of the brain 
parenchyma, such as T cells, endothelial cells, and pericytes. T cells 
themselves have also been found in the parenchyma of the brain (Su 
et al., 2023). 

EV studies in AD to date have often focused on diagnostic potential 
and on pathogenic roles that include tau propagation (Abner et al., 
2016; Asai et al., 2015; Bilousova et al., 2018; Fiandaca et al., 2015; 
Goetzl et al., 2018, 2016; Hamlett et al., 2017; Wang et al., 2017; 
Winston et al., 2016). Small EVs have been shown to be neuroprotective 
in ischemia by promoting angiogenesis in a number of studies (Tian 
et al., 2019; Xin et al., 2013); on the other hand, they may also promote 
inflammation in ischemia (Gao et al., 2020). Importantly, a growing 

Fig. 5. Characterization of small EVs. (A) Transmission electron microscopy (TEM) of fractions F1 (left), F2 (center) and F3 (right). F2, small EV fraction, contained 
the highest number of vesicles in the size range from 30 to 200 nm, and was used for later analysis; bar is 100 nm. (B) Tunable Resisting Pulse sensing analysis (TRPS) 
using qNano Gold instrument shows mean particle diameter and concentration in small EV fraction, confirming TEM. (C) Western blots show enrichment of most of 
the analyzed positive control markers (CD63, CD9, and ALIX) except syntenin-1 compared to corresponded cell homogenates (cells), and depletion of negative 
control markers, GM130 and calnexin (CNX) in small EV fraction. (D) Cell-type specific markers: CD171/L1CAM (predominantly neurons), CD11b (microglia), 
GLAST (astrocytes), and MOG (oligodendrocytes) were detected in the F2 fraction. (E) Scheme of consecutive IP isolation of cell-specific brain EVs. (F) A repre
sentative image of immunoblot analysis of immunoprecipitation (IP) samples pull-down with antibodies against cell-type specific markers compared with corre
sponding isotype control antibodies (mIgG1, rat IgG2b, mIgG2a). Membrane was probed with the EV marker CD63. 
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recent literature documents multiple instances of pathogenic as well as 
protective or repair roles for small EVs in multiple neurologic condi
tions; small EVs also have potential as drug delivery systems (Fan et al., 
2022). 

Differential ultracentrifugation has the disadvantage of being labor- 
intensive and requiring a large amount of starting material; at the same 
time, human cortical samples are generally at least a gram and often 
substantially larger. A combination of methods has been suggested to 
improve yield and purity (Stam et al., 2021); for example we have used 
immunoprecipitation to improve the yield of cell-specific EVs (Cohn 
et al., 2021). Along this line, it should also be noted that most available 
methods of EV isolation, including commercial precipitation kits, such 
as ExoQuick (System Biosciences) and Exoprep (HansaBioMed), can be 
applied to the original homogenate, or after the first three centrifugation 
steps to shorten the protocol. Given the use of bulk tissue, researchers 
must keep in mind that small EV isolation requires careful preparation 
and characterization to exclude synaptic and other contaminating ves
icles in the isolates. Our recently published paper shows that the method 
of cell-specific EV purification described here allows the isolation of the 
high-purity fraction of small EVs of microglial origin from cryopreserved 
human brain tissue (Cohn et al., 2021). Moreover, multi-omics analysis 
revealed AD-associated signatures in the microglial EVs, demonstrating 
that the present method has merit for identifying novel EV-associated 
biomarkers. Nevertheless, using a single marker like CD11b may not 
be sufficient to isolate all the microglial small EVs and a combination of 
markers such as CD11b, P2ry12, and TMEM119 may be recommended 
for future studies. It is also important to mention that while classical 
neuronal markers like L1CAM or NCAM are highly expressed in neurons, 
they are not exclusively neuronal. For example, L1CAM is also expressed 
in oligodendrocytes and other cell types, including melanocytes and 
immune cells, for example T cells (Gomes and Witwer, 2022; Hill, 2019; 
Uhlen et al., 2015). Furthermore, epigenomic erosion and loss of cell 
type specificity in late AD stages (Xiong et al., 2023) may lead to ectopic 
expression of certain proteins, including classical cell-type markers. 
Therefore, all cell-type specific results should be interpreted with 
caution. 

The present results demonstrate a procedure for the isolation of 
intact cells and small EVs from cryopreserved human postmortem 
samples, increasing the available options for use of banked tissue and 
maximizing the data yielded from each individual sample. Cryopreser
vation also provides a convenient option for animal brains under some 
circumstances, for example when treatments, large animal groups, or 
long procedures reduce the feasibility of immediate processing for ani
mal tissues. Cryopreservation remains an option for isolation of cells 
prior to RNA sequencing studies (Guillaumet-Adkins et al., 2017; 
Wohnhaas et al., 2019); although we would highlight a great need for 
validation of these studies at the level of proteins. Given the huge po
tential for EVs in disease mechanisms, diagnostics and even therapeu
tics, there is an urgent need for understanding the basic science and for 
procedural options. 
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