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ARTICLE INFO ABSTRACT

Keywords: The technical difficulty to isolate microglia, astrocytes and infiltrating immune cells from mouse brain is
Microglia nowadays a limiting factor in the study of neuroinflammation. Brain isolation requirements are cell-type and
Astrocytes animal-age dependent, but current brain dissociation procedures are poorly standardized. This lack of com-
Glia reactivity prehensive studies hampers the selection of optimized methodologies. Thus, we present here a comparative
Lymphocytes. analysis of dissociation methods and Percoll-based separation to identify the most efficient procedure for the
Neuroimmunity

combined isolation of healthy microglia, astrocytes and infiltrated leukocytes; distinguishing neonatal and adult
mouse brain. Gentle mechanical dissociation and DNase I incubation was supplemented with papain or col-
lagenase II. Dispase II digestion was also used alone or in combination. In addition, cell separation efficiency of
30 % and 30-70 % Percoll gradients was compared. In these experiments, cell yield and integrity of freshly
dissociated cells was measured by flow cytometry. We found that papain digestion in combination with dispase I
followed by 30 % Percoll separation is the most balanced method to obtain a mixture of microglia, astrocytes and
infiltrated immune cells; while addition of dispase II was not an advantage for neonatal brain. These dissociation
conditions allowed flow cytometry detection of a slight glial activation triggered by sublethal LPS injection. In
conclusion, the enzymes and Percoll density gradients tested here affected differently resting microglia, acti-
vated microglia/macrophages, astrocytes and infiltrated lymphocytes. Also, newborn and adult brain showed
contrasting reactions to digestion. Our study highlights the strength of flow cytometry for the simultaneous
analysis of neuroimmune cell populations once extraction is optimized.

Flow cytometry

1. Introduction

Brain microglia and astrocytes play critical roles in brain injury and
neuroinflammation. Activation of these glial cells together with leu-
kocyte infiltration in the CNS contribute to modulate neuronal survival
in a number of neuropathologies (Bergmann et al., 1999). In vitro
models such as cultures of glial cell lines, primary astrocytes and pri-
mary microglia have been extensively used to investigate the role of
specific brain cells, helping to identify factors involved in neu-
roimmunity (Guttenplan and Liddelow, 2019; Moussaud and Draheim,
2010; Singh et al., 2014). Nevertheless, these models fail to mimic the
complexity of cellular interactions within the brain; and the study of
neurodegeneration and brain repair ultimately need to relay on in vivo

approaches in which the functional characterization of discrete cell
populations is generally more challenging due to the difficulty to isolate
brain cells (Guttenplan and Liddelow, 2019; Legroux et al., 2015;
Erturk et al., 2016).

Typically, isolation methods for brain immune cells are based on
mechanical dissociation alone or in combination with enzymatic di-
gestion. Microglia and astrocytes isolated from brain can be grown as
mixed cultures, and further separated by mild trypsinization and
shaking (McCarthy and De Vellis, 1980; Saura et al., 2003). However,
separation protocols that are appropriate for cells in culture are gen-
erally not so efficient for dissociation of brain cells, since these are
much more intermingled. In this regard, brain tissue digestion from
adult mice is especially challenging, and a large number of enzymatic
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procedures have been developed with the goal to extract cells from
brain with a high yield, while preserving integrity. Enzymes such as
papain, collagenase II and dispase II are among the most recommended
for brain dissociation (Moussaud and Draheim, 2010; Swartzlander
et al., 2018; Sedgwick et al., 1991; Cardona et al., 2006; Lee and
Tansey, 2013; Stevens et al., 2002). Unfortunately, the existing litera-
ture presents substantial limitations in providing a comprehensive
analysis that enables comparison of the different procedures in terms of
cell yield, purity or integrity. Comparative studies are needed to facil-
itate the choice of dissociation protocols that are effective for specific
cell types and adapted to brain age.

Percoll density gradients following enzymatic dissociation are ex-
tensively used to separate specific cell subpopulations from brain tissue
homogenates (Legroux et al., 2015; Bergmann et al., 1999; Moussaud
and Draheim, 2010). Percoll gradients have proven useful for separa-
tion of microglia (Ponomarev et al., 2005; Sedgwick et al., 1991), as-
trocytes and lymphocytes (Batiuk et al., 2017; Bergmann et al., 1999);
but also for other brain cell types such as neurons and oligodendrocytes
(Guez-Barber et al., 2012; Legroux et al., 2015), as well as synapto-
somes and other organelles (Thorne et al., 1991). Moreover, com-
plementing density gradients with methods based on the use of anti-
bodies for the detection of specific cell surface markers has improved
the separation and analysis of microglia, astrocytes, and other neural
cells. Among these procedures, those based on flow cytometry are the
most-frequently used (Legroux et al., 2015; Erturk et al., 2016; Bruttger
et al., 2015; Czupalla et al., 2018); although magnetic bead separation
(Bedi et al., 2013) and immunopanning (Zhang et al., 2016) have also
been found suitable for certain brain cell types, specially microglia
cells. Flow cytometry is nowadays a powerful tool for analyzing cellular
immune responses, and a useful technique for identifying molecular
changes in individual cell types within the brain. Moreover, flow cy-
tometry provides clear benefits in terms of data quantitation and
sample throughput compared to alternative methods such as im-
munohistochemistry and in situ hybridization (Sedgwick et al., 1991;
Stevens et al., 2002; Bedi et al., 2013; Jungblut et al., 2012). Fluores-
cence-activated cell sorting (FACS) is also a flow cytometry-based
technique especially attractive for the study of neuroinflammation, as it
has been shown effective to separate precursor cells from immature
brain (Maric and Barker, 2005) as well as adult brain neurons (Guez-
Barber et al., 2012) and microglia (Sierra et al., 2007). However, ap-
plication of these flow cytometry techniques to neuroscience is modest
compared to its expansion in immunology and cancer studies. This is
mostly due to the difficulty to dissociate brain tissue and obtain intact
single cells.

Here we carry out a comparative analysis of cell isolation methods
to find optimal conditions for the simultaneous evaluation of microglia,
astrocytes and lymphocytes by flow cytometry, distinguishing between
neonatal and adult brain. Neural tissue was treated with different en-
zymatic cocktails in combination with gentle mechanical dissociation.
In addition, two alternative Percoll gradient densities were examined
for cell separation. Overall, we detected remarkable differences be-
tween neonatal and adult brain tissue in terms of enzyme performance.

Finally, our optimized method for dissociation of adult brain com-
bined with flow cytometry was found suitable to detect mild glial cell
activation in mice injected with a sublethal dose of lipopolysaccharide
(LPS).

2. Experimental procedure
2.1. Animals

Wild-type C57BL/6 J mice were housed in the facilities associated to
Albacete Medical School in a 12 h light/dark cycle. Food and water
were supplied ad libitum. Neonate mice between 5-7 days and adult
mice between 4-6 months were used for experiments. All procedures
related to animal use and care were approved by the Ethics Committee
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for Animal Experimentation of the University of Castilla- La Mancha.
2.2. LPS administration

To assess the functional status of microglia and astrocytes after
stimulation of immunity, mice received an intraperitoneal injection
(i.p.) of 0.5 mg/kg LPS (LPS powder was dissolved in sterile endotoxin-
free 0.9 % saline at a concentration of 10 mg/ml, Salmonella enterica,
serotype typhimurium, L7261 Sigma-Aldrich). Three days after treat-
ment mice were euthanized, and brains were removed for im-
munohistochemistry or flow cytometry analysis of glial cells.

2.3. Cell dissociation

C57 mice were euthanized via cervical dislocation and decapitated.
Brains were extracted and placed in cold Hank’s Balanced Salt Solution
(Gibco 14175) without calcium chloride or magnesium chloride (HBSS
[-1CaCl,/[-1MgCl,) after removal of cerebellum and olfactory bulbs.
Meninges, blood vessels and choroid plexus were carefully separated;
and tissue was finely minced with a scalpel prior to digestion.

Chopped brain tissue was placed in MACS C tubes (Miltenyi Biotec
130-093-237) in a total volume of 5 ml and processed with a mechanic
dissociator at 6 rpm for 30 min. Non enzymatic dissociation was carried
out in Earle's Balanced Salt Solution (EBSS [+ ]CaCl,/[+]1MgSO,,
Gibco 24010). Enzymatic dissociation was performed with papain (100
U, Worthington LK003178) in EBSS; collagenase II (600 U, Millipore
234155) in 1X HBSS with 90 mM Ca, +, dispase II in EBSS (6 U, Sigma-
Aldrich D4963); or combinations of papain and dispase II, or colagenase
I and dispase II. DNAse I (100 U, Sigma-aldrich DN25) was added to all
solutions. Prior to use, papain was activated for 30 min at 37 °C and 5 %
CO2. To stop all digestions, samples were diluted with cold HBSS and
placed on ice. Solutions were then further homogenated for 10 times
using a 5 ml pipette and filtered through a 70 um cell strainer (BD
352350). The resulting single cell suspension was centrifuged at 300g
for 10 min at RT.

Percoll™ (GE Healthcare 17-0891-01) gradients were used to re-
move myelin and enrich the homogenate for viable glial cells. A stock
solution of isotonic Percoll (SIP) was prepared (9:1 Percoll in 10x HBSS
[-1CaCl,/[-1MgCl,, Gibco 14185). Cell pellets were resuspended in a 30
% (v/v) or 30-70 % (v/v) SIP (in 1x HBSS). For the 30 % Percoll gra-
dient, 3 ml of SIP were added to 7 ml of 1X HBSS containing the cell
suspension in a 14 ml polypropylene tube. In turn, the 30-70 % Percoll
gradient was performed by placing 3 ml of 70 % SIP diluted with 1x
HBSS in a 14 ml tube; which was overlaid with 10 ml of 30 % SIP
containing the cell suspension. Gradients were centrifuged without
brake for at 300g 30 min at 18 °C. After centrifugation, cells were
collected from the bottom layer in the 30 % Percoll gradient, or the
middle layer (4 ml interphase) in the 30-70 % Percoll gradient. For
both types of Percoll centrifugations, cells were washed by adding 1X
HBSS, centrifugated for 10 min at 300 g, and resuspended in 10 ml of
1X red blood cell lysis buffer (1:10 from 10x red blood cell lysis solution
in sterile non-deionized distilled H,O, Miltenyi Biotec 130-094-183) at
4 °C. Solutions were centrifuged at 300g for 10 min and cell pellets were
finally resuspended in 50 pl of blocking buffer consisting in 1X PBS, 0.5
% albumin from bovine serum (BSA, Sigma-Aldrich A7906) and 2 mM
ethylenediaminetetraacetic acid tetrasodium salt dihydrate (EDTA,
Sigma-Aldrich E6511) before flow cytometry staining (Fig. 1).

2.4. Flow cytometry

Flow cytometry staining was performed at 4 °C. To block surface
antigens in microglial cells or macrophages, 0.5 pl of FcR Blocking
Reagentfor mouse (1:100 dilution, Miltenyi Biotec 130-059-901) was
added to the blocking buffer containing the cell suspension and in-
cubated for 10 min. Subsequently, a mix containing fluorochrome-
conjugated antibodies recognizing mouse CD45, CD11b, ACSA-1,
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Fig. 1. Workflow outlining the different steps followed in this protocol.

ACSA-2 (1:11 to 1:20 dilution). To determine cell death, DAPI was
added and incubated for 10 min (Table 1). The DAPI concentration used
(1 ug/ml) was appropriate to distinguish live and dead cells (Gordon
et al., 2003). Samples were washed with 1 ml of blocking buffer and
centrifugated for 5 min at 300g. Finally, cell pellets were resuspended in
500 pl of PBS and samples were immediately used for flow cytometry.
Fluorescent calibration beads (1000 beads/pl) were added for counting
the absolute number of cells.Data were acquired using a MACSQuant
flow cytometer and analyzed with the MACSQuantify software (Mil-
tenyi Biotec).

2.5. Immunohistochemistry

Mice were deeply anesthetized and intracardially perfused with
saline 0.9 % (w/v). Brains were collected and post-fixed with 4 %
paraformaldehide for 24 h. After post-fixation, they were cryoprotected
with 30 % sucrose and frozen at —20 °C until sectioning. Sections (20
um) were cut using a cryostat (Microm™ HM550, ThermoFisher), thaw-
mounted onto Superfrost Plus slides (ThermoFisher JI800AMNZ) and
finally stored at —20 °C until staining.

Sections were used for double-label immunohistochemistry staining
as previously described (Serrano-Perez et al., 2011). Both the primary
and secondary antibody solutions were diluted in 1X PBS containing 1
% BSA. Sections were incubated with primary antibodies anti-rabbit
Iba-1 (1:500 dilution, Wako Chemicals 019-19741) and anti-mouse

Table 1
Antibodies and reagents used for flow cytometry analysis.
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GFAP (1:500 dilution, Sigma-Aldrich G6171). Alexa Fluor 488-con-
jugated goat anti-rabbit IgG (1:2000 dilution, ThermoFisher A11031)
and Alexa Fluor 568-conjugated goat anti-mouse IgG (1:2000 dilution,
ThermoFisher A11008) were used as respective secondary antibodies.
Finally, sections were incubated with DAPI (1 pg/ml) to stain cell nu-
clei. Appropriate positive control tissue as well as primary- or sec-
ondary-only negative controls were also included. Images of the fluor-
escent labeling were acquired using a ZEISS Apotome.2 microscope
with an axiocam 503 mono digital camera and Zen Blue control soft-
ware version 2.3 (Carl Zeiss). To visualize hippocampal fields, a 10X
objective (Plan-APOCHROMAT, V10X, NA 0.45, AIR) was used.

2.6. Statistical analysis

Data were analyzed with GraphPad Prism software (San Diego, CA).
Results are represented as mean + standard error of the mean (SEM)
with generally n = 4-6 individual animals. To compare two groups (30
% vs. 30-70 % Percoll gradient; or control vs. LPS injected mice) we
used an unpaired Student t-test. For comparison of different digestion
protocols, we used a one-way analysis of variance (ANOVA) and a
Tukey post-test analysis. Values were considered statistically significant
when probability (p) values were equal or below 0.05 (*), 0.01 (**), or
0.001 (***).

3. Results
3.1. Characterization of brain populations by flow cytometry

In order to compare the efficiency of different dissociation protocols
to extract microglia, astrocytes and infiltrated immune cells from
mouse brain, we first validated the specificity of the cell cytometry
markers and gating strategies used across our study. In these experi-
ments, brains cells were isolated following a common method based on
digestion with papain, dispase II and DNase I, followed by a 30 %
Percoll density gradient.

Identification of resting microglia as CD11b+/CD45low cells, ac-
tivated microglia/macrophages as CD11b + /CD45high cells, and lym-
phocytes as a CD11b-/CD45+ population from adult brain was sup-
ported by an extensive literature (Campanella et al., 2002; Stevens
et al.,, 2002; Marques et al., 2008). Moreover, gating of activated mi-
croglia/ macrophages was further sustained by incubation with mi-
croglia/macrophages activation markers CD206 and CD38 (Jablonski
et al., 2015; Hellstrom Erkenstam et al., 2016). These markers labelled
a substantial number of cells within the activated microglia/macro-
phages gate (32.5 and 42.7 %, respectively), while they were absent
from the population identified as resting microglia. In respect to lym-
phocyte gating, it was verified by CD3 staining of T cells. As expected
from previous literature (Posel et al., 2016) we found 23.7 % of T cells
within the population of cells gated as lymphocytes (Fig. 2B).

Meanwhile, astrocytes from neonate brains were mechanically ex-
tracted, purified with 30 % Percoll and labelled with surface antigens

Antibody/reagent Clone Cell targets Concentration Company (reference)
ACSA-1-PE (anti-GLAST) ACSA-1 Neonatal astrocytes and radial glia 1:25 Miltenyi Biotec (130-118-483)
ACSA-2-APC IH3-18A3 Neonatal and adult astrocytes 1:25 Miltenyi Biotec (130-117-535)
FcR Blocking Reagent 1:100 Miltenyi Biotec (130-092-575)
Calibration Beads 1000 beads/ml Miltenyi Biotec (130-093-607)
CD11b-PE Vio770 REA592 Macrophages, microglia, granulocytes, NK cells and subsets of dendritic cells 1:50 Miltenyi Biotec (130-113-246)
CD206-APC Vio770 C068C2 Dendritic cells and subets of macrophages and microglia 1:10 BioLegend (141708)

DAPI (VioBlue gate) Dead cells 1 pg/ml Sigma-Aldrich (D9542)
CD3-APC REA641 T cells 1:25 Miltenyi Biotec (130-122-943)
CD38-APC REA616 Subsets of macrophages, microglia, B cells and T cells 1:10 Miltenyi Biotec (130-109-259)
CD45-PE 30F11 Hematopoietic cells except erythrocytes 1:25 Miltenyi Biotec (130-117-498)
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Fig. 2. Cell cytometry markers and gating strategy for the analysis of brain cell populations. Neural cells were isolated from mouse and further purified using 30 %
Percoll. (A) Gates to exclude debris and cell aggregates in FSC-A/SSC-A and FSC-A/FSC-H plots. (B) Single cells from adult brain were obtained with papain and
dispase II. Gates correspond to resting microglia (CD11b+ /CD45'°%), activated microglia/macrophages (CD11b+/CD45"&") and lymphocytes (CD11b-/CD45 +).
Activated microglia/ macrophage gating was further sustained by incubation with microglia/macrophage activation markers CD206 and CD38; while lymphocyte
gating was verified by CD3 staining of T cells. (C) Gates for ACSA-1+ and ACSA-2+ astrocytes extracted from neonatal brain, showing extensive staining over-

lapping. Numerical values correspond to mean + S.EM (n = 4).

ACSA-1 and ACSA-2, previously validated as specific markers for as-
trocytes (Kantzer et al., 2017). According to our results (Fig. 2C), ex-
pression of these antigens highly overlaps when analyzed by flow cy-
tometry after double staining (81,5 % of ACSA-1 astrocytes show ACSA-
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2 staining). Since ACSA-1 staining has been reported to decrease, while
ACSA-2 is preserved in adult astrocytes (Furuta et al., 1997; Regan
et al., 2007), ACSA-2 was the astrocyte marker of choice for our next
experiments.
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Fig. 3. Comparison of Percoll density gradients for flow cytometry analysis of brain cell recovery. Neural cells were isolated from adult brain by enzymatic dis-
sociation followed by comparison of 30 % and 30-70 % Percoll density gradients to separate cells from myelin and debris. DAPI staining of dead cells was applied to
the analysis of total cells (A), CD11b+/CD45+ microglia/macrophages (B), CD11b-/CD45+ lymphocytes (B), and ACSA-2+ astrocytes (C). Graphs show cell
recovery as well as the fraction of dead cells (%) for each brain population, comparing values after 30 % and 30-70 % Percoll purification. Data represent

mean *+ S.EM. (n = 5-6). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3.2. Selection of Percoll gradient

Percoll density gradients are frequently used after mechanical or
enzymatic digestion during cell isolation. These gradients not only
contribute to separation according to cell size, but also to efficient re-
moval of myelin and cellular fragments (Lee and Tansey, 2013; Ni and
Aschner, 2010). However, gradients need to be optimized to present an
adequate balance between cell yield and loss of viability. So, before
comparing alternative enzymatic digestion we tested 30 % vs. 30-70 %,
as these two Percoll gradients are commonly used to separate microglia
and astrocytes. The 30 % Percoll gradient removes myelin, driving all
cells to the pellet; whereas 30-70 % Percoll provides higher purity as it
separates glial cells from other cell types. Adult brain tissue was sub-
jected to a standard enzymatic digestion with papain, dispase II and
DNase I, and the resulting cell suspension was applied to either a 30 %
or 30-70 % Percoll gradient. Total cell recovery and survival were
determined by flow cytometry following the gating strategies de-
pictured in Fig. 3. Results indicate that 30 % Percoll triplicates the
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number of total cells obtained (1.6 X 106 per brain) with respect to
30-70 % gradients; while the DAPI staining corresponding to total dead
cells is significantly lower (Fig. 3A). Percoll gradient choice did not
influenced microglia recovery, although fewer lymphocytes were ob-
tained with 30 % Percoll. We also found that both microglia/macro-
phage and lymphocyte death was significantly lower with 30 % Percoll
(Fig. 3B). Regarding the astrocyte population, there were no differences
in extraction and viability among gradients (Fig. 3C). Therefore, ac-
cording to these data, 30 % Percoll stands out in terms of cell yield and
viability in our experimental conditions.

3.3. Total neural cell yield and viability as a result of enzymatic digestion

After selecting the 30 % Percoll gradient for our following studies,
alternative enzymatic digestions were compared. We evaluated by flow
cytometry the total neural cells obtained when mechanical dissociation
is combined with several enzymes that have been previously used for
the extraction of functional glial populations, such as papain,
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Fig. 4. Enzymatic digestion conditions neural
cell recovery from neonate and adult brains.
Neonatal (A) or adult brains (B) were digested
with papain (P), collagenase II (C), dispase II
(D) or non-enzymatically (NE), all in combina-
tion with DNase I and gentle mechanical dis-

* persion. After enrichment using a 30 % Percoll
gradient, the isolated cells were processed for
flow cytometry analysis of total cell number.
DAPI staining allowed evaluation of cell death.
Data are expressed as mean = S.E.M. (n = 4 for
adult and n = 5-6 for neonate experiments). *,

p < 0.05; **, p < 0.01; ***, p < 0.001.
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collagenase II and dispase II. Regarding enzyme concentration, we used
20 U/ml of papain, 120 U/ml of collagenase Il and 1.2 U ml of dispase II
based on recommendations by different authors to obtain optimal brain
tissue dissociation while preserving cell integrity. Thus, papain at
15-23 U/ml has been previously reported to isolate microglia
(Moussaud and Draheim, 2010; Singh et al., 2014) and astrocytes (Ben-
Gigi et al., 2015; Holt et al., 2019) from adult mice without causing
significant cell activation during digestion. Dispase II has also been
identified as a gentle enzyme for tissue dissociation and was used for
the isolation of viable microglia either alone (2 U/ml) (Boelen et al.,
2012) or in combination with papain (1.2 U/ml) (Lee and Tansey,
2013). Collagenase II at 120 U/ml has also been the concentration
chosen in several experiments that isolate microglia and astrocytes for
their analyses by flow cytometry (Sierra et al., 2007).

Since enzyme requirements for tissue digestion are expected to
change with age, we analyzed both P5 neonatal and adult mice brains.
Results showed that papain was significantly more efficient for neonate
tissue than any other procedure, recovering over 3 x 106 cells per
brain (Fig. 4A). Contrarily, non-enzymatic dissociation and dispase II
were more effective than papain and collagenase II to disperse adult
brain cells (Fig. 4B). These data indicate that cell recovery is highly
affected by the dissociation method used, and that requirements for
neonatal and adult tissue are different. In addition, DAPI staining after
each dissociation procedure showed that papain preserves cell integrity
significantly better than any other enzyme in neonates, but not in adults
(Fig. 4A and B). In conclusion, animal age is a critical factor for the
efficient isolation of healthy cells from brain.

3.4. Recovery of resting microglia, activated microglia/macrophages and
Lymphocytes from neonatal and adult mouse brain

Discrete cell types within the brain are expected to show individual
responses to dissociation. Thus, our next set of experiments specifically
assessed the impact of dissociation methods on the recovery of myeloid
and lymphoid cells. Tissue from newborn as well as adult mice was
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D

obtained as described before. After 30 % Percoll-gradient purification,
cell suspensions were stained with specific markers for resting micro-
glia (CD11b+/CD45'°"), activated microglia together with other
macrophages (CD11b+/CD45"8")  and lymphocytes (CD11b-/
CD45+). Flow cytometry analysis revealed that collagenase II is the
most advantageous enzyme to extract all these cell populations from
newborn brain (Fig. 5A). However, despite the high extraction yields
obtained with collagenase II, flow cytometry analysis of cell survival
after DAPI staining showed that papain digestion preserves viability of
resting microglia in newborn tissue better than collagenase II. Re-
garding adult tissue, collagenase II and papain are generally more ef-
fective than dispase II or no-enzymatic methods to extract resting mi-
croglia, activated microglia/macrophages and lymphocytes. Moreover,
all procedures showed similar lethality for resting microglia (Fig. 5B).
We conclude from these experiments that the choice of enzymes for
digestion greatly affects microglia/macrophage and lymphocyte re-
covery, and the age of animals is a key factor to consider.

3.5. Analysis of dissociation methods for the extraction of brain astrocytes

We used ACSA-2 as astrocyte specific marker to evaluate astrocyte
recovery in both newborn and adult brain (Batiuk et al., 2017; Jungblut
et al.,, 2012). Data collected show that the different enzymatic diges-
tions used do not improve mechanical extraction of astrocytes. In fact,
enzymes generally have a negative effect on astrocyte recovery, espe-
cially when acting on adult brain (Fig. 6).

To check whether differences in astrocyte recovery are related to
differential effects of enzymes on cell viability, we analyzed by flow
cytometry the DAPI labelling of ACSA-2+ astrocytes. Our results in-
dicate once again that mechanical dissociation is generally more ef-
fective than enzymatic procedures to maintain cell viability. Besides,
collagenase II was the most deleterious enzyme for ACSA-2 astrocytes in
neonatal tissue (Fig. 6A); whereas papain showed the highest death
values within adult astrocytes (Fig. 6B). These observations underline
the notion that mice age determines tissue sensitivity to enzymes.
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Fig. 5. Recovery of myeloid and lymphoid cells from newborn and adult mice brains. Tissue from neonatal (A) and adult brain (B) was mechanically dissociated
while digested with papain (P), collagenase II (C), dispase II (D) or in the absence of enzymes (NE); and brain homogenates were stained for flow cytometry analysis.
Representative plots for each isolation protocol are included. Gates drawn correspond to resting microglia (CD11b + /CD45'°%), activated microglia/macrophages
(CD11b + /CD45"8%), and lymphocytes (CD11b-/CD45 +). Cell death within resting microglia was measured after DAPI staining. Associated graphs correspond to %

*%

of each population and resting microglia death. Values in all graphs are expressed as percentage of total cells and represent mean + S.E.M. (n = 4-5). *, p < 0.05; **,

p < 0.01; ***, p < 0.001.

3.6. Effects of dispase II addition on neural cell recovery and viability

Dispase II is a neutral protease with mild effects on brain tissue,
frequently used in combination with other enzymes (Lee and Tansey,
2013; Ni and Aschner, 2010). Accordingly, to examine the ability of
dispase II to potentiate cell extraction, we incubated neonatal or adult
brain tissue with papain or collagenase II in combination with this
enzyme. Data gathered indicate that dispase II can both potentiate and
inhibit digestions, depending on enzyme combination and brain age
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(Table 2). Moreover, dispase II showed specific effects on the extraction
yield and integrity of each subpopulation.

Regarding neonatal brain, dispase II improved papain digestion of
total neural cells by 71 %, but this rise was associated to a more than
two-fold increase in lethality. Moreover, dispase II did not enhanced
papain extraction of microglia, astrocytes or lymphocytes in newborns,
and decreased the yield of these cell populations when used in com-
bination with collagenase II.

The effects of dispase II on adult tissue differ from those found in
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Fig. 6. Dissociation procedure for the extraction of astrocytes from neonatal and adult brain. Tissue from neonatal (A) and adult (B) brain was mechanically
dissociated in the presence of papain (P), collagenase II (C), dispase II (D) or no enzymes (NE); and further purified through a 30 % Percoll gradient. Representative
flow cytometry plots are shown. Astrocytes were identified as ACSA-2+ cells (gate). Cell death was measured after DAPI staining. Associated graphs correspond to %
of astrocytes and astrocyte death. Data are expressed as mean + S.EM. (n = 3-4). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

neonates, as we observed that dispase II enhances papain extraction of
resting microglia (32 %) and lymphocytes (52 %); and raises total cell
number when combined with collagenase II (25 %). Meanwhile, ac-

cording to our analysis, extraction of adult astrocytes is negatively af-
fected by dispase II since astrocyte viability significantly decreases
when it is combined with either papain or collagenase II.
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Summarizing, these results show that dispase II is useful to improve
adult microglia extraction when combined with papain, whereas the
impact of dispase II on astrocyte recovery is clearly negative at all ages.
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Table 2
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Effects of dispase II in combination with papain or collagenase II. Neonatal or adult brain tissue was dissociated with papain (P) or collagenase II (C) alone or in
combination with dispase II (P + D and C + D). After 30 % Percoll gradient purification, cells obtained were stained with markers for resting microglia (CD11b
+/CD45'°"), lymphocytes (CD11b-/CD45 +) and astrocytes (ACSA-2 + /CD45-). Dead cells were also stained with DAPL Cell number and viability were analyzed by
flow cytometry. Values presented for P + D and C + D groups are presented as percentage change (100 x difference/original number) respect to papain or
collagenase II digestion, respectively. Data correspond to mean + S.E.M. (n = 4-6).

Neonates Adults

P+D C+D P+D C+D
Total cell number per brain 71.4 £ 9.1% 4.8 0.3 12.0 = 3.7 24.9 * 1.5%*
Total cell death 138.6 = 31.3 -7.8+04 69.2 * 5.8%* 17.7 £ 0.9%*
Resting microglia 1.8 £ 0.6 —45.1 = 13.3* 32.6 £ 1.9** 383 +6.1
Resting microglia death 291.4 = 81.0% 83.0 = 30.0 -35%=13 20.1 + 4.6
Lymphocytes 39.7 £ 11.6 —55.0 = 10.3** 52.2 £7.6% 135.1 £ 62.5
Astrocytes 24.8 £ 5.9 —38.0 = 7.5*% —14.6 = 2.2 16.0 = 4.5
Astrocyte death 61.5 + 9.3* —25.2+5.1 38.8 + 4.0* 20.7 + 1.5*

*p < 0.05 and **p < 0.01 versus papain or collagenase II alone.

3.7. Optimized dissociation procedure applied to evaluation of LPS effects in
vivo

Despite optimal astrocyte isolation is achieved without enzymes,
our comparative analysis revealed that the use of papain combined with
dispase II is an appropriate choice to isolate a mixture of microglia and
astrocytes from adult brain. Accordingly, this isolation protocol was
further validated in a last set of experiments that examined the glial
response to the inflammatory agent LPS in adult mice. For these ex-
periments we selected a micro dose of LPS (i.p. injection, 0.5 mg/Kg)
that does not cause mouse lethality and only induces a limited in-
flammatory response (Chen et al., 2012; Furube et al., 2018). After 3
days, brain cortex was extracted and processed for the analysis of
resting microglia, activated microglia/macrophages and astrocytes by
flow cytometry. Plots showed that LPS induces a statistically significant
rise in the percentage of activated microglia/macrophages detected by
its higher CD45 and CD11b staining intensity; while resting microglia
decreases (Fig. 7A). Gating analysis showed a 2.8-fold increase in the
activated microglia-macrophages/resting microglia ratio after LPS
treatment. Interestingly, the number of ACSA-2+ astrocytes was also
increased (Fig. 7B). Glial activation in these experiments was confirmed
by fluorescent microscopy of brain sections using markers of microglia/
macrophages and astrocytes such as Iba-1 and GFAP, respectively
(Fig. 7C). Therefore, these observations indicate that the dissociation
conditions used, based on papain and dispase II digestion, are suitable
for quantitative evaluation of glial-cell reactivity in adult brain by flow
cytometry, even when only mild inflammatory stimuli are applied.

4. Discussion

Our aim was to clarify which are the most appropriate dissociation
conditions for simultaneous evaluation of brain microglia, astrocytes
and lymphocytes by flow cytometry, distinguishing between neonatal
and adult brain tissue. Few studies have compared the effectiveness of
different dissociation methods on the extraction of brain cells (Legroux
et al., 2015; de Haas et al., 2007); and, to our knowledge, no other
studies have contrasted dissociation methodologies for the wide range
of cell types analyzed here. Our approach highlights that microglia,
astrocytes and lymphocytes have different requirements for optimal
isolation and preservation; indicating that extraction protocols need to
find a balance for all these cell types. Moreover, according to our
comprehensive analysis, animal age has a heavy influence on the choice
of appropriate dissociation conditions.

Microglia and astrocytes cultures are extensively used to examine
cellular mechanisms dependent on glial cells (McCarthy and De Vellis,
1980) since, after astrocytes reach confluency, microglia can be effi-
ciently separated by mild trypsinization and shaking (Saura et al., 2003;
Moussaud and Draheim, 2010), magnetic separation (Bedi et al., 2013)
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or immunopanning (Zhang et al., 2016). However, in vitro systems are
unable to mimic the full functions performed by cells within the brain.
An alternative tool used in our experiments is flow cytometry, which
supplies fast quantitative data on cell number and viability of brain cell
populations, avoiding many of the restrictions and experimental arte-
facts encountered by cell culture systems.

Nevertheless, samples processed for flow cytometry contain living
cells. This implies that flow cytometry shares some of the limitations of
cell cultures such as undesired cell activation during tissue extraction
and staining. In fact, there is evidence that both microglia and astro-
cytes may be activated in response to stress during manipulation (Posel
et al., 2016). In these cases, cell properties such as proliferation and
release of pro- and anti-inflammatory factors may be altered; hindering
the study of neuroinflammation. Regarding this potential problem, we
generally detected less than 2 % of activated microglia in neonate ex-
tracts (1 % in adults) respect to total cells, suggesting that none of the
enzymatic cocktails and Percoll gradients tested here trigger major cell
activation.

Identification of microglia, macrophages and lymphocytes in our
flow cytometry analysis was based on CD45 and CD11b expression,
which is in accordance with previous studies (Legroux et al., 2015;
Stevens et al., 2002; Ponomarev et al., 2005). However, a limitation of
this approach is that activated microglia labelling overlaps with the
staining of blood-born macrophages present in the brain, impairing
clear distinction of these two populations (Bedi et al., 2013; Legroux
et al., 2015). Complementary labelling with CD206 and CD38, ex-
pressed by subsets of activated microglia/macrophages (Hellstrom
Erkenstam et al., 2016; Jablonski et al., 2015), helped to confirm that
regions set for these populations and resting microglia in CD45/CD11b
plots were properly placed. Meanwhile, the identity of lymphocytes
gated in the same CD45/CD11b plots was further checked by CD3 stain
of T cells (Schumak et al., 2015; Posel et al., 2016)

Contrarily to microglia and lymphocytes, few markers are available
to identify astrocytes by flow cytometry. Traditional astrocyte markers
such as GFAP or S100b, widely used for microscopy studies, have
limited effectiveness in flow cytometry since intracellular antigen de-
tection is often affected by cell fixation and permeabilization steps
(Menon et al., 2014; Krutzik et al., 2005). Alternatively, astrocytes can
be labelled for flow cytometry analysis with surface antigens ACSA-1
and ACSA-2. ACSA-1 recognizes the specific astrocyte glutamate-as-
partate transporter GLAST (EAAT1) (Jungblut et al., 2012). However, it
is only suitable for detection of neonatal astrocytes since GLAST is
downregulated in most astrocytes as mice mature. According to mi-
croscopy studies, GLAST is restricted to the cerebellum, white matter
regions and subgranular layer of the dentate gyrus in P25 mice (Furuta
et al., 1997; Regan et al., 2007). Contrarily, ACSA-2 is a specific marker
for both developing and adult astrocytes. The astrocyte glycoprotein
ATP1B2, unique target identified for ACSA-2, shows a widespread
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Fig. 7. Enzymatic isolation of brain cells with papain and dispase II to evaluate glia response to LPS. Animals were injected with LPS (0.5 mg/Kg, i.p.) to induce a
mild inflammatory response. After 3 days, mice were sacrificed. Brain cells were isolated using papain and dispase II combined with gentle mechanical dissociation
and DNase II incubation. Purification with 30 % Percoll was followed by flow cytometry analysis of (A) resting microglia (CD11b+ /CD45'") and activated
microglia/macrophages (CD11b + /CD45%8M) or (B) astrocytes (ACSA-2 + /CD45-). Values are expressed as percentage of total CD45 + cells (A) or CD45-cells (B) and

correspond to mean = S.EM. (n =

7-9). *, p < 0.05. (C) Another set of control and LPS-treated animals was fixed by perfusion, and brain sections stained for

immunofluorescence detection of either Iba-1 or GFAP as markers of microglia and astrocytes, respectively. Representative images containing the dentate gyrus of

hippocampus are shown (scale bar, 100 um).

distribution within the developing brain and its expression is main-
tained in adults; including acute and chronic conditions associated to
reactive astrogliosis (Batiuk et al., 2017). Moreover, we show here that
ACSA-2 expression highly overlaps with ACSA-1 in neonatal brain as-
trocytes, in agreement with other authors (Kantzer et al., 2017). In
consequence, ACSA-2 was our choice to label neonatal and adult as-
trocytes.

Multicolor flow cytometry has been useful to monitor the progres-
sion of inflammation in the CNS in several models of disease (Erturk
et al., 2016; Ponomarev et al., 2005; Posel et al., 2016; Stevens et al.,
2002). Here we quantified changes in the microglia and astrocyte ac-
tivation state in response to a low LPS dose with the aim to evaluate if
the methodology used here is suitable to detect subtle glial activation
under mild inflammatory conditions. The LPS dose used in our
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experiments (0.5 mg/Kg) is far from the LDs, for LPS in mice (5—15
mg/kg) and did not caused any lethality (Chen et al., 2012; Furube
et al., 2018). Despite this low dose, our methodology was able to detect
an increase in the rate of activated/resting microglia in response to LPS;
while Iba-1 immunostaining of brain sections confirmed cell cytometry
data. In addition, the population of astrocytes identified as ACSA-2 +
cells also responded to LPS; in agreement with the rise in GFAP im-
munoreactivity observed by microscopy. To our knowledge, these are
the first observations that correlate astrocyte activation with ACSA-2
expression and support the use of ACSA-2 as a marker of astrocyte re-
activity.

In our experiments, tissue was minced and incubated with enzymes
at slow continuous rotation to favor homogenization. Alternatively,
tissue fragmentation can be achieved by intermittent shaking (Schildge
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et al., 2013; Singh et al., 2014). Dissociation protocols based on me-
chanical disruption, with no enzymatic incubation, have been widely
used for the isolation of several cell types from brain of different mice
ages (Bergmann et al., 1999; Ponomarev et al., 2005; Posel et al., 2016).
In line with these authors, we observed better astrocyte recovery using
mechanical dispersion, while enzymes generally harmed astrocytes.
However, non-enzymatic digestion of both neonatal and adult brain
generally results in a poor recovery of total cells, microglia and lym-
phocytes in comparison to the enzymatic treatments tested here. In line
with these observations, many protocols for brain dissociation combine
mechanical dissociation with enzymatic digestion (Posel et al., 2016;
Pennartz et al., 2009; Ni and Aschner, 2010; Batiuk et al., 2017;
Guttenplan and Liddelow, 2019). Furthermore, incubation with DNAse
I was included in all dissociation conditions to eliminate DNA mucus
that negatively affects cell viability (Posel et al., 2016).

Removal of myelin and cell debris after tissue digestion is critical
not only for flow cytometry, but also for other downstream applications
including the measurement of gene and protein expression. In this re-
gard, Percoll density gradients are separation steps extensively used
during isolation of brain and immune cells (Sedgwick et al., 1991; Lee
and Tansey, 2013). The present study includes comparison of two al-
ternative density gradients: 30 % and 30-70 %, finding a more than
three-fold increase in the recovery of total cells with 30 % Percoll.
Single gradients like this one primarily aim at efficient removal of
myelin and debris. They are less time-consuming to set than multi-
density gradients and avoid the difficulty of pipetting cells from layer
interphases. In addition, we found generally higher viability among
cells centrifugated in 30 % Percoll. Even though the Percoll gradient
most frequently used for brain cell separation is 30-37-70 % (Cardona
et al., 2006; Lee and Tansey, 2013; Sierra et al., 2007), our preference
for 30 % Percoll is also supported by other authors (Legroux et al.,
2015; Posel et al., 2016; Singh et al., 2014).

Regarding enzymatic digestion, our comparative analysis focuses on
enzymes normally used for brain tissue dissociation: papain, col-
lagenase II and dispase II. Although some studies use trypsin to digest
brain (Bronstein et al., 2013; Saura et al., 2003; Schildge et al., 2013),
there is evidence that this enzyme can activate glial cells as well as
compromise viability (He et al., 2019; Singh et al., 2014). In con-
sequence, trypsin was excluded from our study together with other
enzymes rarely used for brain dissociation such as hyaluronidase or
accutase (Erturk et al., 2016).

According to our data, papain combined with dispase II stands out
for its efficiency to extract total neural cells from neonates (5.6 x 10°
per brain) as well as resting microglia from adult brain (21 % of total
cells). We also noticed that papain is generally less harmful for neonatal
cells than other enzymes. In line with these observations, papain has
been frequently used to isolate microglia from CNS (Moussaud and
Draheim, 2010; Bruttger et al., 2015; Singh et al., 2014). On the con-
trary, our experiments indicate that papain is an enzyme particularly
damaging for adult astrocytes, in agreement with other laboratories
that have also reported adverse effects (Singh et al., 2014).

Regarding the neutral protease dispase II, we found that when used
alone it behaves as a mild enzyme and yields dissociation values gen-
erally close to non-enzymatic digestion. However, when dispase II was
used in combination with papain, we observed a significant increase in
the number of total cells extracted from neonates as well as an im-
provement in the number of resting microglia and lymphocytes re-
covered from adults (32 % and 52 % respectively). However, our ex-
periments also show that dispase II addition generally decreases the
viability of cells extracted from both neonates and adults. Even so, our
conclusion is that papain in combination with dispase II is the best
choice to obtain resting microglia from adult brain. In agreement with
these observations, papain and dispase II mixtures have been previously
used to prepare primary cultures from adults (Lee and Tansey, 2013).

Although collagenase II is frequently used for the isolation of im-
mune cells from the CNS (Erturk et al., 2016; Sedgwick et al., 1991;
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Sierra et al., 2007; Stevens et al., 2002), in our experiments digestion
with this enzyme showed a poor recovery of total neural cells respect to
other procedures, both in neonates and adults. However, even though
the number of total cells extracted with collagenase II was low, it
contained a high percentage of resting microglia, activated microglia/
macrophages and lymphocytes in homogenates of all ages. This is in
agreement with the preferential use of collagenase in other laboratories
to isolate microglia (Mizee et al., 2017; Olah et al., 2012) and viable T
cells (Smolders et al., 2013) from human brain. According to these
authors, cell extracts obtained with collagenase-based methods fol-
lowed by Percoll gradient purification are appropriate for flow cyto-
metry analysis of different brain areas as well as for evaluation of dis-
ease conditions. On the contrary, collagenase II did not favor astrocyte
recovery and caused a high lethality, especially in neonatal brain. Re-
garding dispase II, it has been previously used in association with col-
lagenase II to digest adult brain (Cardona et al., 2006; Czupalla et al.,
2018). However, we noticed a significant increase in cell death after
dispase II addition associated to the raise in total cell number in adult
homogenates. Moreover, dispase II decreased collagenase II extraction
of all cell types in neonates.

In conclusion, we found that dissociation methods for neuroimmune
cells are cell-type and mouse-age dependent, so that optimal protocols
need to find a balance for the specific cell types targeted. Our com-
prehensive analysis has revealed that papain is an optimal choice for
the simultaneous separation of brain microglia, astrocytes and in-
filtrated immune cells; whereas dispase II potentiates papain action
only in adult tissue. Moreover, we found that optimized dissociation
allows flow cytometry quantification of glial activation even when in-
flammatory stimuli are modest. Finally, non-enzymatic methods are the
best choice when astrocytes are the only cell type isolated.
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