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ARTICLE INFO ABSTRACT

Keywords: The subgranular zone of the dentate gyrus is an adult neurogenic niche where new neurons are continuously
Neurogenesis generated. A dramatic hippocampal neurogenesis decline occurs with increasing age, contributing to cognitive
IL"IO deficits. The process of neurogenesis is intimately regulated by the microenvironment, with inflammation being
&gi:rliglia considered a strong negative factor for this process. Thus, we hypothesize that the reduction of new neurons in
Memory the aged brain could be attributed to the age-related microenvironmental changes towards a pro-inflammatory
CX3CR1 status. In this work, we evaluated whether an anti-inflammatory microenvironment could counteract the
CD200R negative effect of age on promoting new hippocampal neurons. Surprisingly, our results show that transgenic
Hippocampus animals chronically overexpressing IL-10 by astrocytes present a decreased hippocampal neurogenesis in

adulthood. This results from an impairment in the survival of neural newborn cells without differences in cell
proliferation. In parallel, hippocampal-dependent spatial learning and memory processes were affected by IL-10
overproduction as assessed by the Morris water maze test. Microglial cells, which are key players in the neu-
rogenesis process, presented a different phenotype in transgenic animals characterized by high activation
together with alterations in receptors involved in neuronal communication, such as CD200R and CX3CR1.
Interestingly, the changes described in adult transgenic animals were similar to those observed by the effect of
normal aging. Thus, our data suggest that chronic IL-10 overproduction mimics the physiological age-related
disruption of the microglia-neuron dialogue, resulting in hippocampal neurogenesis decrease and spatial
memory impairment.

1. Introduction

Neurogenesis is the process of new cell formation from neural stem/
progenitor cells (NSCs), which have the ability to proliferate and
differentiate into astrocytes, oligodendrocytes, or neurons (Akkermann
et al., 2017; Bond et al., 2020; Hirabayashi and Gotoh, 2005; Mira and
Morante, 2020; Taupin and Gage, 2002). After the nervous system
development in the embryonic stage, neurogenesis remains physiologi-
cally active in specific cerebral regions of mammals (Altman and Das,
1965; Eriksson et al., 1998; Kaplan and Hinds, 1977). Specifically, two
neurogenic niches have been described in the adult mammal brain: the
subventricular zone (SVZ) of the lateral ventricles and the subgranular
zone (SGZ) of the hippocampal dentate gyrus (Imayoshi et al., 2009;

Ming and Song, 2005).

The newborn neurons formed in the SGZ during adulthood migrate
through the granular cell layer of the dentate gyrus and are integrated
into the existing neuronal circuits participating in hippocampal-
dependent memories (Saxe et al., 2006; Snyder et al., 2005; Stanfield
and Trice, 1988). However, the type of memory in which new hippo-
campal neurons are involved is controversial (Deng et al., 2010). Despite
the fact that quantifying the behavioral relevance of hippocampal neu-
rogenesis in rodents is challenging (Lazic et al., 2014), there is a
consensus of its significant influence on cognition (pattern separation
and cognitive flexibility) and mood (anxiety- and depressive-like be-
haviors) (Anacker and Hen, 2017; Forte et al., 2021). During aging, a
dramatic decrease of NSCs proliferation, leading to reduced
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neurogenesis, is specifically observed in the dentate gyrus (Bondolfi
et al., 2004; Kuhn et al., 1996; Kuipers et al., 2015) concomitant with
age-related cognitive deficits (Drapeau et al., 2003; Van Praag et al.,
2005; Villeda et al., 2011).

The systemic and the local microenvironment is one of the main
factors that regulate adult neurogenesis (Borsini et al., 2015; Carpentier
and Palmer, 2009; Palmer et al., 2000; Villeda et al., 2011). In the aged
hippocampus, the microenvironment is altered towards a pro-
inflammatory and oxidized status (Cornejo and von Bernhardi, 2016;
Lucin and Wyss-Coray, 2009; Ojo et al., 2015). Numerous studies
demonstrate that inflammation is detrimental to the process of neuro-
genesis (Carpentier and Palmer, 2009; Ekdahl et al., 2003; Monje et al.,
2003). Thus, induction of pro-inflammatory molecules, such as IL-6
(Monje et al., 2003; Vallieres et al., 2002), IL-1 (Goshen et al., 2008;
Hueston et al. 2018; Koo and Duman, 2008; Ryan et al., 2013), TNF-a
(Cacci et al., 2005; Sheng et al., 2005) and nitric oxide (Packer et al.,
2003), has an inhibitory effect on the generation of new hippocampal
neurons. Contrary to pro-inflammatory signaling, little is known about
the influence of anti-inflammatory molecules on neurogenesis. Howev-
er, some studies have demonstrated that growth factors (Battista et al.,
2006; Lichtenwalner et al., 2001; Scharfman et al., 2005; Wagner et al.,
1999; Zigova et al., 1998) and anti-inflammatory cytokines (Butovsky
et al., 2006; Kiyota et al., 2010; Kiyota et al., 2012) promote
neurogenesis.

In this context, microglial cells play an important role in regulating
neuroinflammation and, therefore, neurogenesis. Accordingly, it has
been demonstrated that a pro-inflammatory microglial activation im-
pacts negatively on the hippocampal neurogenesis by the secretion of
pro-inflammatory cytokines (Cacci et al., 2005; Carpentier and Palmer,
2009; Monje et al., 2003; Nakanishi et al., 2007). In agreement, Ekdahl
and collaborators showed a significant negative correlation between the
number of LPS-activated microglia and the number of newborn neurons
in the hippocampal neurogenic niche (Ekdahl et al., 2003). The impor-
tance of microglia-neuron communication in both neurogenesis and
aging must also be highlighted. In this sense, alterations in the “do-not-
eat-me” signaling, which maintains microglial cells in a homeostatic
state, impact the generation of new neurons (Bachstetter et al., 2011;
Varnum et al., 2015; Vukovic et al., 2012). In addition to microglial
cells, other immune cells, such as lymphocytes, can modulate neuro-
genesis (Aharoni et al., 2005; Wolf et al., 2009).

Because most of the studies exploring the influence of the neurogenic
microenvironment have been performed in vitro or by acute adminis-
tration of specific molecules, it is of special interest to study the effect of
a local and chronic microenvironment under physiological conditions in
vivo. In this regard, Hueston et al. showed that long-term overexpression
of the pro-inflammatory cytokine IL-1p reduces hippocampal neuro-
genesis and impairs pattern separation behavior in adult rats (Hueston
et al. 2018), whereas in adolescent rats this reduction was independent
of cognitive performance (Pawley et al. 2020). Specifically, the anti-
inflammatory cytokine IL-10 has been described to influence neuro-
genesis differently in vivo depending on the administration route and the
neurogenic niche. Thus, hippocampal IL-10 gene delivery by adeno-
associated viruses enhances neurogenesis and spatial cognitive func-
tion, as shown by better memory acquisition and recall in a two-day
radial water maze, in the APP + PS1 Alzheimer’s disease mouse
model (Kiyota et al., 2012), whereas intraventricular IL-10 administra-
tion in WT mice reduces neurogenesis of the SVZ (Perez-Asensio et al.,
2013). Of special interest are previous results from our research group
describing neuronal and microglial modifications in the hippocampus of
adult and aged mice with astrocyte-targeted overproduction of IL-10
(Almolda et al., 2015; Sanchez-Molina et al., 2021). Considering the
direct association between higher inflammation and lower neurogenesis
in aging, the present study aims to evaluate the impact that an anti-
inflammatory microenvironment produced by chronic astrocyte-
targeted IL-10 overproduction exerts on the hippocampal neurogenesis
and behavior in adult and aged mice under physiological conditions.
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2. Material and methods
2.1. Animals

Transgenic mice with astrocyte-targeted overproduction of IL-10
(GFAP-IL10Tg) and their corresponding wild-type (WT) littermates
were used in this study (n = 111). The experimental groups used in this
study are indicated in Table 1. GFAP-IL10Tg mouse generation on the
C57BL/6 background was previously described (Almolda et al., 2015).
Genotype determination was performed by polymerase chain reaction
(PCR) analysis of DNA obtained from mice-tail biopsies. Animals of both
sexes were distributed into two experimental groups according to age:
adult (4-6 months old) and aged (18-24 months old) mice. Animals
were maintained in standard cages with food and water ad libitum, in a
12 h light/dark cycle (lights on at 8 a.m.), 22 °C + 2 °C and 50%-60%
humidity. All experimental animal work was conducted according to
Spanish regulations (Ley 32/2007, Real Decreto 1201,/2005, Ley 9/
2003 and Real Decreto 178/2004) in agreement with the EU Directive
(2010/63/UE) on this subject. The study complies with the ARRIVE
guidelines developed by the NC3Rs and aims to reduce the number of
animals used.

2.2. Behavioral assessment

A set of four behavioral tests was used as previously described
(Giménez-Llort et al., 2010; Giménez-Llort et al., 2021) to characterize
anxiety-like behavior, spatial memory and cognitive flexibility, which
are related with hippocampal neurogenesis (Dupret et al., 2008; Garthe
et al., 2009; Kee et al., 2007; Revest et al., 2009), in adult (4-5 months
old) and aged (18-19 months old) mice of both genotypes (n = 7-12 per
experimental group). Physical status and animal survival were also
evaluated.

Corner test: Neophobia in a new standard home-cage was measured
as the number of visited corners and rearings during 30 s.

Open field test: Animals were placed in the center of a white apparatus
(48 cm x 33 cm x 25 cm) and observed for 5 min. Vertical activity was
manually quantified in mice, counting the rearing latency and the
number of rearings for each minute of the test. Horizontal activity,
including total distance traveled, total time in movement, and the time
in the apparatus center/periphery, was analyzed in mice using the ANY-
maze behavioral tracking system. Latency, number, and duration of
grooming episodes, as well as the number of defecations and urinations,
were also recorded to measure emotionality.

T-maze: Animals were placed (facing the wall) at the beginning of the
vertical arm of a T-shaped black maze (short arms of 30 cm), a mild
anxiogenic environment resembling burrows. Spontaneous alternation
behavior was observed during 3 min. The time to reach the three-arms
intersection (nose criteria) and the number of errors (exploration of an
already explored arm) were manually recorded to assess the animals
coping-with-stress capacity and their working memory, respectively.

Morris water maze: Hippocampal-dependent spatial short- and long-
term learning and memory were analyzed for five consecutive days
using three paradigms consisting of one day of visual-perceptual (cue)
learning task, followed by four days of reversal place-learning task
demanding cognitive flexibility, and a final probe trial for short-term
memory (Fig. 4A-C). The test was carried out in a circular pool (120-
cm diameter, 60-cm height) with opaque white water at 25 °C and
surrounded by black curtains. On the first day, a cue-learning task with a
flag in a visible platform (7-cm diameter) was performed (four trials of 1
min maximum, 60 min intertrial time), and escape latencies to reach the
platform were recorded. The following four days, a reversal place-
learning paradigm (four trials of 1 min maximum, 60 min intertrial
time) with the platform hidden 1 cm below the water surface and
external cues in the black walls was performed and escape latencies to
reach the platform were also recorded. In both paradigms, the animals
were introduced into the pool by a different cardinal point per trial. Mice
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Table 1
Experimental groups used in the study.
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Behavioral and biochemical analysis

BrdU administration and histological analysis

Flow cytometry analysis

4-6 months (n = 17) 18-21 months (n = 24)

4-5 months (n = 23)

19-20 months (n = 17) 5-6 months (n = 16) 23-24 months (n = 14)

WT (n = 55) 7
GFAP-IL10Tg (n =56) 10

12
12

12
11

9 8 7
8 8 7

that failed to find the platform within the 60 s were manually guided and
placed on it for 10 s -as the successful animals- before taking them out of
the pool. On the fifth day, two hours after the last place-learning trial,
the platform was removed and a probe was performed recording the
mice’s trajectory in the pool for 1 min. The time the mouse spent
swimming in the quadrant where the platform was previously located
was used as an indicator of memory. The ANY-maze behavioral tracking
system was used to record and analyze the trajectories of this test.

2.3. BrdU administration

5-Bromo-2'-deoxyuridine (BrdU), a synthetic thymidine analog, was
used to study neural stem cell proliferation because it is incorporated
into DNA during the S-phase cell cycle. One 100 mg/kg dose of BrdU
(B5002, Sigma-Aldrich) diluted in NaCl (pH 7.4) was intraperitoneally
injected during five consecutive days in adult (5 months old) and aged
(19 months old) mice of both genotypes. A set of animals (n = 3-5 per
experimental group) was euthanized one day after the last BrdU
administration to evaluate cell proliferation, whereas another set of
animals (n = 4-8 per experimental group) was euthanized two weeks
after the last BrdU administration, following the protocol described in
Kuipers et al. (2015), to evaluate cell survival (Fig. 1F).

2.4. Tissue processing for histological analysis

Under an intraperitoneal anesthetic solution of xylazine (30 mg/kg)
and ketamine (120 mg/kg), mice were intracardially perfused for 10
min with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The
brains were quickly removed, post-fixed for 4 h at 4 °C in the same
fixative solution, cryoprotected with 30% sucrose in 0.1 M phosphate
buffer for 48 h at 4 °C, frozen in ice-cold 2-methylbutane (320404,
Sigma-Aldrich) and stored at —80 °C. Parallel coronal sections (30-um-
thick) of the telencephalon containing the hippocampus were obtained
using a CM 30508 Leica cryostat and were stored at —20 °C in an anti-
freeze solution containing 20% sucrose, 30% ethylene glycol and 1%
polyvinylpyrrolidone until use.

2.5. Single immunohistochemistry

For the visualization of neuroblasts and proliferating cells, brain
sections were immunostained with antibodies against doublecortin
(DCX) and BrdU, respectively, in adult (4-5 months old) and aged
(19-20 months old) mice of both genotypes. Frozen free-floating sec-
tions were washed in Tris-buffered saline (TBS; 0.05 M, pH 7.4) to
eliminate the anti-freeze solution and incubated for 10 min with 2%
H,0; and 70% methanol in distilled H,O to inhibit endogenous perox-
idase. For BrdU immunostaining, DNA denaturation incubating the
sections in 0.082 N HCI at 4 °C for 10 min followed by another incu-
bation in 0.82 N HCl at 37 °C for 30 min was performed. Sections were
then neutralized with 0.1 M sodium borate (pH 8.5). After washes with
TBS containing 1% Triton X-100 (TBS-T; 0.05 M, pH 7.4), all sections
were incubated for 1 h at room temperature (RT) in a blocking buffer
(BB) containing 10% fetal bovine serum (FBS) in TBS-T. Afterwards,
sections were incubated overnight at 4 °C plus 1 h at RT with anti-DCX
(1:1000; ab77450, Abcam) or anti-BrdU (1:100; ab6326, Abcam) pri-
mary antibodies diluted in BB. Neonatal brain sections were used as
positive control for DCX, whereas the corresponding small intestine
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sections of animals treated with BrdU were used as positive control for
BrdU. Sections incubated in BB lacking the primary antibody were used
as negative control. After washes with TBS-T, sections were incubated
for 1 h at RT with biotinylated anti-rabbit (1:500; BA-1000, Vector
Laboratories) and anti-rat (1:500; BA-4001, Vector Laboratories) sec-
ondary antibodies diluted in BB for DCX and BrdU immunostaining,
respectively. Following this, sections were washed with TBS-T and
incubated for 1 h at RT with horseradish peroxidase (HRP)-conjugated
streptavidin (1:500; SA-5004, Vector Laboratories). After washes with
TBS and Tris Buffer (TB; 0.05 M, pH 7.4), the immunolabeling was
visualized incubating the sections for 3 min with a 3,3'-dia-
minobenzidine (DAB) Substrate Kit (SK-4100, Vector Laboratories)
following the manufacturer’s instructions. In this step, nickel was
additionally added for the visualization of BrdU. Afterwards, sections
were washed in TB, mounted onto gelatinized slides and air-dried at RT.
To provide cytological details of DCX immunostaining, sections were
counter-stained with 0.1% toluidine blue diluted in Walpole’s buffer
(0.05 M, pH 4.5). Finally, sections were dehydrated in graded alcohols,
washed in N-butyl alcohol in the case of toluidine staining, immersed in
xylene and coverslipped with dibutylphthalate polystyrene xylene
(DPX) mounting medium.

2.6. Double immunofluorescence

To evaluate whether proliferating cells express IL-10 receptor (IL-
10R), double immunolabeling against BrdU and IL-10R markers was
performed in animals sacrificed one day after the last BrdU adminis-
tration. A double immunofluorescence against IL-10R and GFAP was
also performed. Frozen free-floating brain sections were washed in TBS
and DNA denaturation was performed as is explained in the above sec-
tion for BrdU immunostaining. After washes with TBS-T, brain sections
were incubated for 1 h at RT in a BB containing 10% FBS in TBS-T fol-
lowed by anti-BrdU primary antibody (1:100; ab6326, Abcam) or anti-
GFAP primary antibody (1:6000; G3893, Sigma-Aldrich) diluted in the
BB, overnight at 4 °C and 1 h at RT. After washes with TBS-T, sections
were incubated for 1 h at RT with an anti-rat AlexaFluor-488 conjugated
secondary antibody (1:1000; A-11006, Thermo Fisher) or an anti-mouse
AlexaFluor-488 conjugated secondary antibody (1:1000; A-11029,
Thermo Fisher) diluted in BB. Following another blocking incubation for
1 h at RT, sections were incubated with anti-IL-10RA primary antibody
(1:100; ab225820, Abcam) diluted in the BB for 48 h at 4 °C and 1 h at
RT. Then, incubations for 1 h at RT with biotinylated anti-rabbit sec-
ondary antibody (1:500; BA-1000, Vector Laboratories), followed by
incubation with AlexaFluor-555 conjugated streptavidin (1:1000;
$32355, Thermo Fisher), were performed. After washes with TBS-T and
TBS, sections were incubated with 4,9,6-diamidino-2-phenylindole
(DAPI) (1:10000; D9542, Sigma-Aldrich) in TB for 5 min at RT to
stain the cell nuclei. Finally, sections were washed with TB, mounted on
slides and coverslipped with Fluoromount (0100-01, SouthernBiotech)
mounting medium. Representative photos in the dentate gyrus were
captured at 63x magnification using a Zeiss LSM700 confocal
microscope.

2.7. Cell quantification

Photographs were captured with a DXM 1200F Nikon digital camera
mounted on a brightfield Nikon Eclipse 80i microscope using the ACT-1
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Fig. 1. Hippocampal neurogenesis is decreased in GFAP-IL10Tg mice due to low survival of neural proliferating cells. Representative images showing doublecortin
(DCX) immunostaining in the granular cell layer of WT (A, C) and GFAP-IL10Tg (B, D) mice during adulthood (A, B) and aging (C, D). Quantification of DCX™ cells
per dentate gyrus (DG) section is represented in the graph (E). Temporal scheme of intraperitoneal BrdU administration (5 consecutive days) and time points of mice
sacrifice (days 6 and 19) is shown in the panel (F). Graphs showing the number of proliferating BrdU™" cells (G) and surviving BrdU™" cells (H) per dentate gyrus
section. Representative images showing BrdU immunostaining in the dentate gyrus after two weeks of the last BrdU administration (survival time) in adult WT (I) and
GFAP-IL10Tg (J) mice. Representative images showing BrdU and IL-10 receptor (IL-10R) double immunostaining in the dentate gyrus after one day of the last BrdU
administration in adult WT (K) and GFAP-IL10Tg (L) mice. Statistical analysis was performed by two-way ANOVA followed by Tukey’s post hoc tests. Grey and cyan
asterisks refer to significant differences by age in WT and GFAP-IL10Tg mice, respectively. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented
as the mean + SEM. Abbreviations: DCX; doublecortin, BrdU; 5-Bromo-2'-deoxyuridine, DG; dentate gyrus, GCL; granular cell layer, SGZ; subgranular zone, IL-10R;
IL-10 receptor. Arrow heads indicate dendrites on neuroblasts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

2.20 software (Nikon Corporation). A minimum of four animals of each
age group was analyzed using the sections immunostained for DCX and
BrdU. For each animal, at least 6 dentate gyrus areas from hippocampal
sections separated from each other by 300 pm were used to manually
count the number of DCX" cells in the granular cell layer using 40x
magnification. BrdU™ cells were quantified manually in the granular cell
layer and the hilus region from at least 12 hippocampal dentate gyrus
sections at 40x magnification.

2.8. Blood collection

Under an anesthetic solution of xylazine (30 mg/kg) and ketamine
(120 mg/kg), blood from adult (6 months old) and aged (21 months old)
mice was intracardially extracted from the right ventricle and centri-
fuged at 9,300 x g for 5 min at 4 °C. Serum was then collected and stored
at —80 °C until use.

2.9. Tissue processing for biochemical analysis

Under an intraperitoneal anesthetic solution of xylazine (30 mg/kg)
and ketamine (120 mg/kg), mice were intracardially perfused with cold
0.1 M Phosphate-Buffered Saline (PBS) at pH 7.4 for 1 min. The hip-
pocampus was quickly dissected, frozen in liquid nitrogen and stored at
—80 °C. Tissue was homogenized using a polytron homogenizer in a lysis
buffer containing 25 mM HEPES at pH 7.4 (H3375, Sigma-Aldrich),
0.2% IGEPAL (I-3021, Sigma-Aldrich), 5 mM MgCl, (A376433,
Merck), 1.3 mM EDTA at pH 8 (20302, VWR), 1 mM EGTA at pH 8
(E4378, Sigma-Aldrich), 1 mM PMSF (P7626, Sigma-Aldrich), protease
inhibitor cocktail (1:100; P8343, Sigma-Aldrich) and phosphatase in-
hibitor cocktail (1:100; P0044, Sigma-Aldrich) in deionized water. After
2 h at 4 °C, tissue lysates were centrifuged at 15,600 x g for 5 min at
4 °C. Then, the supernatants were collected and stored as aliquots at
—80 °C until use. In all of the study, the hippocampus of each animal was
analyzed separately.

2.10. Luminex bead-based multiplex assay

Total protein concentration of each hippocampal lysate was deter-
mined with a commercial Pierce BCA Protein Assay Kit (23225, Thermo
Scientific) according to the manufacturer’s instructions. To quantify
specific proteins, Luminex® Multiple Analyte Profiling (xMAP®) tech-
nology was used. In adult (6 months old) and aged (21 months old)
animals of both genotypes, IL-10, IL-6, IL-1f and TNF-a cytokines levels
were measured by MILLIPLEX® yap Kit (MCYTOMAG-70 K, Merck) in
hippocampal (n = 6-9 per experimental group) and serum (n = 4-5 per
experimental group) samples. In the same animals, hippocampal levels
of brain-derived neurotrophic factor (BDNF) and fractalkine (CX3CL1)
were measured by MILLIPLEX® pap Kit (MMYOMAG-74 K, Merck). Both
Luminex multiplex assays were performed according to the manufac-
turer’s protocol. Briefly, 25 pL of each sample (total protein concen-
tration of 3 pg/pL), standards or controls were added to their
corresponding wells in a 96-well plate. Additionally, 25 pL of Assay
Buffer were added to samples’ wells, whereas 25 pL of lysis buffer (See
“2.9. Tissue processing for biochemical analysis” section) were added to
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standard and control wells. In all wells, 25 pL of magnetic beads con-
jugated with the antibodies of interest were added and incubated on a
plate-shaker overnight at 4 °C. After removing wells’ content with a
handheld magnet and two washes with Wash Buffer, 25 pL of Detection
Antibodies were added to each well and incubated with agitation for 1 h
at RT. Next, 25 pL of Streptavidin-Phycoerythrin were also added to
each well and incubated with agitation for 30 min at RT. Finally, the
wells were washed twice with Wash Buffer and 150 pL of Drive Fluid
were added, followed by a 5-min shaking. The Luminex MAGPIX® in-
strument with XxPONENT® 4.2 software was used to read and analyze the
plate.

2.11. Engyme-linked immunosorbent assay (ELISA)

Hippocampal transforming growth factor-p (TGFp) levels in adult (6
months old) and aged (21 months old) animals of both genotypes (n =
4-5 per experimental group) were quantified using a mouse TGFf1
uncoated ELISA kit (88-8350, Invitrogen) according to the manufac-
turer’s instructions. Briefly, a 96-well plate was coated overnight at 4 °C
with Capture Antibody in Coating Buffer. After washes, wells were
blocked with ELISA/ELISASPOT Diluent for 1 h at RT. Followed by
washes, 100 pL of standards and samples (total protein concentration of
4 pg/pL), previously treated with 1 N HCl for 10 min at RT and 1 N
NaOH, were incubated overnight at 4 °C in separate wells. Next,
Detection Antibody was added to the wells and incubated for 1 h at RT.
Afterwards, Avidin-HRP was incubated for 30 min at RT. Finally, TMB
Solution was incubated for 15 min at RT followed by addition of 2 N
H2SO4. Immediately after, plate was read at 450 nm in a microplate
reader and data were expressed as pg/mL of protein.

2.12. Flow cytometry

Characterization of microglial and neuronal populations was per-
formed by flow cytometry. Under an intraperitoneal anesthetic solution
of xylazine (30 mg/kg) and ketamine (120 mg/kg), adult (5-6 months
old) and aged (23-24 months old) animals of both genotypes (n = 7-8
per experimental group) were intracardially perfused with cold 0.1 M
PBS at pH 7.4 for 1 min. Hippocampi were quickly dissected and
dissociated with a 160-pm nylon mesh in Hank’s Balanced Salt Solution
(HBSS) with 10% FBS and were then passed into a centrifuge tube
through a 70-um cell strainer. The splenocyte cell suspension obtained
from one animal was used as positive control throughout the procedure.
After three centrifugations for 10 min at 310 x g (24 °C) retaining the
pellet, the homogenized tissue was digested in a solution composed of
1.25% deoxyribonuclease I (D5025, Sigma-Aldrich) and 0.5% collage-
nase IV (17104019, Thermo Fisher) in HBSS for 30 min at 37 °C. Cellular
suspensions were centrifuged for 10 min at 310 x g (24 °C), then a
density gradient was generated by using 1.122 g/mL and 1.088 g/mL of
Percoll® (GE17-0891-02, Sigma-Aldrich) and centrifuging for 20 min at
600 x g (24 °C) with the rotor deceleration set to its minimum value. The
upper phase corresponding to myelin was removed, and the interme-
diate phase containing cells was collected. Cellular suspensions were
centrifuged for 5 min at 860 x g, and 200 pL of each sample diluted in
PBS with 2% FBS were seeded in a 96-well conical bottom plate. Each
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sample was divided into five wells, attending to the following treat-
ments: microglial primary antibodies combination, neuronal primary
antibodies combination, microglial isotypes control combination,
neuronal isotypes control combination and unstained samples. After
centrifugation for 4 min at 515 x g (4 °C), Fcylll (CD16) and Fcyll
(CD32) receptors expressed on cells were blocked adding 50 pL of CD16/
32 antibody (1:250; 553142, BD Biosciences) diluted in PBS with 2%
FBS to all of the wells for 20 min at 4 °C. After adding 150 pL of PBS with
2% FBS and centrifuging for 4 min at 515 x g (4 °C), surface markers of
microglial cells and neurons were immunolabeled by incubating for 30
min at 4 °C in 50 pL of CD45-PerCP (1:400; 557235, BD Bioscience),
CD11b-APC-Cy7 (1:400; 557657, BD Bioscience), CX3CR1-PE (1:400;
FAB5825P, RD Systems), CD200R-AlexaFluor-647 (1:50; 566345, BD
Bioscience), SIRPa-FITC (1:50; 144005, BioLegend), CD200-PE (1:400;
123807, BiolLegend) and CD47-APC-Cy7 (1:50; 127525, BioLegend)
antibodies diluted in PBS with 2% FBS. Samples in parallel wells were
incubated with their corresponding conjugated-isotype control combi-
nations (1:400; BD Biosciences). To immunolabel the intracellular
marker NeuN, wells containing neuronal combinations of primary an-
tibodies and isotype controls were treated with 200 pL of a Fixation/
Permeabilization solution (00-5123-43 and 00-5223-56, eBioscience)
for 40 min at 4 °C. After centrifugations with a 1X permeabilization
buffer (00-8333-56, eBioscience) for 4 min at 515 x g (4 °C), 50 pL of
biotinylated-NeuN antibody (1:400; MAB377B, Millipore) diluted in the
permeabilization buffer were added to the corresponding wells and
incubated for 30 min at 4 °C. Next, wells to study the neuronal combi-
nations were incubated with Streptavidin-Cy5 (1:400; PA45001, Sigma-
Aldrich) diluted in the permeabilization buffer for 20 min at 4 °C. After
centrifugations, all samples were resuspended in 150 pL of PBS with 2%
FBS and transferred from plate wells to cytometry tubes. Finally, 50 pL
of CytoCount™ (S2366, Dako) fluorescent beads were added to the
samples. Cell suspensions were acquired and read using a BD FACS-
Canto™ flow cytometer with BD FACSDiva™ software. Analysis of the
data was performed using the FlowJo™ software.

2.13. Statistical analysis

Statistics and graphic representation were performed using the
GraphPad Prism® software. To determine differences between the
different groups of animals, two-way ANOVA followed by Tukey’s post
hoc test for multiple comparisons was used. p-value < 0.05 was
considered statistically significant. All experimental results are
expressed as mean + SEM.

3. Results
3.1. Decreased hippocampal neurogenesis in mice overexpressing IL-10

To study net neurogenesis, the number of DCX positive cells, a spe-
cific marker of neuroblasts and immature neurons, was quantified in the
granular cellular layer (GCL) of the dentate gyrus. In all experimental
groups, DCX" cell bodies were found in the SGZ or the inner GCL
(Fig. 1A-D). DCX™ cells displayed the typical morphology of neuroblasts,
extending dendrites from the GCL through to the molecular cell layer
(Fig. 1A-D). Our results showed a dramatic decrease of DCX' cell
numbers with aging regardless of genotype (Fig. 1E). Moreover, GFAP-
IL10Tg mice presented a lower number of DCX" cells with respect to
WT mice in adulthood (Fig. 1E). Indeed, two-way ANOVA showed main
effects of age (F (1, 16) = 192.90, p < 0.0001), genotype (F (1, 16) =
12.76, p < 0.01) and interaction (F (1, 16) = 9.94, p < 0.01).

To determine whether the reduced neurogenesis observed in trans-
genic animals with respect to WT was due to a lower proliferation rate of
NSCs, we visualized BrdU-labeled mitotic cells located in the SGZ one
day after five consecutive days of BrdU administration. In the adult SGZ
of the hippocampus, BrdU™ cells were visualized in clusters, indicating
recent mitotic divisions. In both genotypes, a significant reduction in the
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number of proliferating BrdU™ cells was observed during aging (two-
way ANOVA: age effect, F (1, 12) = 48.83, p < 0.0001) (Fig. 1G).
However, no differences in the number of BrdU™ cells were found be-
tween WT and GFAP-IL10Tg mice at any age in the proliferation period
(Fig. 1G). The hippocampal hilus is another proliferating, but non
neurogenic (Bondolfi et al., 2004), region of the adult CNS. In this area, a
lower number of proliferating cells, as compared to the SGZ, was
observed. As in the SGZ, the number of BrdU™ cells in the hilus decrease
with aging -although in a less pronounced way-, and no differences were
detected between genotypes (data not shown).

Before NSC differentiation, some NSCs undergo apoptosis in a period
taking approximately 15 days after their proliferation (Encinas et al.,
2011; Sierra et al., 2010). Therefore, the next step we addressed was to
analyze putative differences between WT and GFAP-IL10Tg animals in
terms of NSC survival. Thus, following five days of consecutive BrdU
injections, the number of surviving BrdU™ cells was quantified two
weeks after the last administration. At this time point, a slight reduction
in the number of BrdU" cells, in comparing them with the number of
BrdU" cells quantified one day after the last BrdU administration, was
observed in adult WT mice (Fig. 1G,H). This reduction was significantly
higher in adult GFAP-IL10Tg mice when compared to WT mice, showing
that animals overexpressing IL-10 present a lower NSC survival rate in
adulthood with respect to WT animals (Fig. 1H-J). In aging, these dif-
ferences were attenuated by the general low number of proliferating
NSCs (Fig. 1H). As for the number of DCX™ cells, two-way ANOVA
showed main effects of age (F (1, 19) = 65.09, p < 0.0001), genotype (F
(1,19) = 11.24, p < 0.01) and interaction (F (1, 19) = 11.56, p < 0.01)
on the number of survival cells.

To determine whether IL-10 could be directly affecting NSC survival,
we evaluated IL-10 receptor (IL-10R) expression in proliferating NSCs
before their differentiation by a double immunofluorescence against
BrdU and IL-10R. Our results demonstrated no expression of IL-10R in
BrdU" cells of the SGZ (Fig. 1K,L). IL-10R expression was mainly
observed in neuronal dendrites and astrocytes of the hippocampal CA
area (data not shown), and in some neuronal bodies located in the
hippocampal hilus. No variations in the expression pattern of IL-10R by
age or genotype were observed.

3.2. Unaltered animal survival and physical status by IL-10
overexpression

No differences in survival between WT and GFAP-IL10Tg mice up to
24 months of age were observed. All animals reached the age of sacrifice
without evidence of motor problems or physical deterioration. Body
weight increased in WT and GFAP-IL10Tg mice upon aging without
differences between genotypes (data not shown).

3.3. Neophobia and spatial memory impairment in GFAP-IL10Tg mice

Prior to cognition measurement, locomotion and anxiety-like
behavior of mice were evaluated by the corner test and the open field
test. As compared to adult WT mice, a lower number of visited corners
was observed because of the effect of both age and genotype (two-way
ANOVA: age effect, F (1, 37) = 9.17, p < 0.01; genotype effect, F (1, 37)
= 6.70, p < 0.05; interaction effect, F (1, 37) = 4.41, p < 0.05) in the
corner test for neophobia (Fig. 2A). In the open field test, this neophobia
was also seen in aged GFAP-IL10Tg mice as a delayed rearing latency
than in age-matched WT mice revealed by post-hoc analysis (p = 0.05)
(Fig. 2B). However, the total vertical and horizontal locomotor activity
recorded during the five min of the test was similar among all animal
groups studied when considering rearings, distance traveled and time
spent in the center of the open field, indicating no differences in total
locomotion or anxiety-like behavior by age or genotype (Fig. 2C-F).
Changes in emotionality were also found as indicated by a longer
grooming latency in transgenic mice than in WT mice counterparts (two-
way ANOVA: genotype effect, F (1, 36) = 4.90, p < 0.05) (Fig. 2G).
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Fig. 2. GFAP-IL10Tg mice present increased neophobia, but normal total locomotion. Graph showing the number of visited corners in the corner test as measure of
neophobia (A). In the open field test, vertical activity as measured by the rearing latency (B) and the number of total rearings (C). Horizontal activity is graphically
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tests. Grey asterisks refer to significant differences by age in WT mice. *p < 0.05, **p < 0.01. Data are represented as the mean + SEM.

However, two-way ANOVA only showed age effect on the number (F (1,
36) = 5.08, p < 0.05) and the total duration (F (1, 36) = 5.45, p < 0.05)
of grooming (Fig. 2H,I). In this test, no urination and a very low number
of defecations were recorded in any of the groups studied.

Since neurogenesis of the dentate gyrus is involved in hippocampal-
dependent memory, two spatial learning and memory tests, the T-maze
and the Morris water maze, were used to evaluate possible cognitive
deficits in working, short- and long-term learning and memory.

Working memory was assessed using the spontaneous alternation in
the T-maze, where the number of arms-exploratory errors was

A

2.0+
1.5+

1.0

Number of errors

0.5+

0.0 T
Aged

quantified. In this memory task, the overall incidence of GFAP-IL10Tg
mice making more than one single error (50%, 5/10 in adulthood, 6/
12 in aging) was higher as compared to WT mice (18.75%, 1/6 in
adulthood, 2/10 in aging), indicating working memory deficits
(Fig. 3A). The latency to the arms intersection, which is related to coping
with stress, showed a trend to be delayed with both aging and IL-10
overexpression albeit not reaching statistical significance (Fig. 3B).
For spatial short- and long-term learning and memory, three para-
digms were used in the Morris water maze. On the first day, two-way
ANOVA showed main effects of age (F (1, 32) = 4.29, p < 0.05) and
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Fig. 3. Working memory deficits in GFAP-IL10Tg mice assessed by the spontaneous alternation in the T-maze. Graphs showing the number of errors that mice made
by exploring the same arm again in the maze (A), and the latency to cross the intersection between vertical and horizontal arms (B) in WT and GFAP-IL10Tg mice.
Statistical analysis was performed by two-way ANOVA followed by Tukey’s post hoc tests. Data are represented as the mean + SEM.
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genotype (F (1, 32) = 4.65, p < 0.05) on the time required to reach the
visible cued platform (Fig. 4D). In the reversal place-learning task for
spatial learning and memory, main effects of trial day (F (3, 122) = 6.90,
p < 0.001) and animal group (F (3, 122) = 8.12, p < 0.0001) were found
(Fig. 4E). Here, the aged transgenic mice showed the worst performance
in the task, unveiling long-term learning and memory deficits in a
reversal task which demands cognitive flexibility (Fig. 4E). Two hours
after the last trial, the platform was removed and spatial memory was
evaluated measuring the time that animals spent in the quadrant where
the platform was previously located (Fig. 4F-H). Our results demon-
strated that spatial memory was impaired in GFAP-IL10Tg mice (two-
way ANOVA: genotype effect, F (1, 30) = 6.20, p < 0.05) in adulthood,
showing times in the target quadrant similar to that observed in aged WT
mice (Fig. 4F). In summary, these paradigms showed that animals with
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IL-10 overexpression presented hippocampal cognitive deficits in
learning acquisition and memory processes.

3.4. Increased IL-10 levels in GFAP-IL10Tg mice without modifications in
growth factors or pro-inflammatory cytokines

To address whether the observed neurological and behavioral al-
terations in transgenic animals correlated with IL-10 overproduction, IL-
10 levels in the hippocampus and the serum of animals were measured
by the Luminex assay. Our data demonstrated that GFAP-IL10Tg mice
presented increased levels of IL-10 in both hippocampal (two-way
ANOVA: genotype effect, F (1, 20) = 21.75, p < 0.001) and serum (two-
way ANOVA: genotype effect, F (1, 13) = 7.63, p < 0.05) samples
(Fig. 5A,D). However, no effect of IL-10 expression due to age was
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Fig. 5. Increased levels of IL-10 in the hippocampus and the serum of GFAP-IL10Tg mice. Graphs showing quantitative IL-10 (A), BDNF (B) and TGFf (C) protein
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observed for any genotype (Fig. 5A,D).

Because growth factors are involved in the process of neurogenesis,
hippocampal BDNF and TGFp levels were measured. Although a high
expression of these factors was detected in all groups studied, no dif-
ferences by age or genotype were observed (Fig. 5B,C). The levels of pro-
inflammatory IL-6, IL-1p and TNF-a cytokines were also measured in the
hippocampus and the serum as possible negative regulators of neuro-
genesis. Very low or undetected levels of these cytokines, without dif-
ferences among the studied experimental groups, were detected in the
hippocampus (data not shown). Only an IL-6 increase in the serum of
aged animals (two-way ANOVA: age effect, F (1, 11) = 8.35, p < 0.05)
was observed regardless the genotype (Fig. 5E).

3.5. Different hippocampal immune cells profile by IL-10 overexpression
Immune cells, especially lymphocytes, macrophages and microglia,

play a role in the process of neurogenesis. By flow cytometry, we
distinguished three leucocyte populations: non-myeloid cells (CD11b"/
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CD45™), high-activated myeloid cells (CD1 1b+/CD45high) and low-/in-
termediate-activated myeloid cells (CD11b"/CD45ow/inty
CD11b/CD45" cell number increased by age (two-way ANOVA: age
effect, F (1, 23) = 16.24, p < 0.001), but no differences between WT and
GFAP-IL10Tg mice were observed (Fig. 6D). However, the expression of
CD45 in these cells was higher in GFAP-IL10Tg respect to WT mice
during aging (two-way ANOVA: genotype effect, F (1, 25) = 16.95, p <
0.001) (Fig. 6E). On the other hand, no effect by age was observed in the
number of CD11b"/CD45™ cells (Fig. 6F,I). However, two-way ANOVA
revealed a main effect of the genotype on the cell number of CD11b"/
CD45M8h (F (1, 25) = 24.68, p < 0.0001) (Fig. 6F) and CD11b*/
CD45!°W/Int (g (1, 13) = 8.44, p < 0.05) (Fig. 6I). Our results showed that
CD45 expression on CD11b*/CD45M8" cells decreases in WT mice with
aging, whereas GFAP-IL10Tg mice already present similar CD45 levels
to those observed in aged WT mice since adulthood (two-way ANOVA:
age effect, F (1,24) = 11.78, p < 0.01; genotype effect, F (1, 24) = 15.60,
p < 0.001; interaction effect, F (1, 24) = 6.98, p < 0.05) (Fig. 6G). In
contrast, CD45 expression on CD11b*/CD45'°"/i" cells was increased
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by IL-10 overexpression at both ages (two-way ANOVA: genotype effect,
F (1, 26) = 189.00, p < 0.0001) (Fig. 6J). Regarding CD11b expression,
two-way ANOVA showed a main effect of age (F (1, 24) = 6.25, p < 0.05)
in CD11b*/CD45M8" cells (Fig. 6H) and a main effect of genotype (F (1,
26) = 10.98, p < 0.01) in CD11b™/CD45'°"/I" cells (Fig. 6K). Post-hoc
analysis revealed a higher CD11b level in the CD11b*/CD45!W/int
cells from adult GFAP-IL10Tg mice with respect to WT animals (Fig. 6K).

Brain Behavior and Immunity 101 (2022) 231-245
3.6. Altered microglia-neuron communication in GFAP-IL10Tg mice

Considering that microglia/macrophage (CD11b"/CD45") pop-
ulations were different between WT and GFAP-IL10Tg mice during
adulthood, we studied myeloid receptors that are involved in neuronal
communication as possible modulators of the neurogenesis impairment
observed in transgenic mice. CD200R, SIRPa and CX3CR1 expression
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Fig. 7. Altered homeostatic receptors in CD11b*/CD45'°"/™™ cells of GFAP-IL10Tg mice. Histograms representing isotype control and positive staining of CD200R-
AlexaFluor-647 (A), SIRPa-FITC (B), CX3CR1-PE (C), NeuN-Cy5 (D), CD200-PE (E), CD47-APC-Cy7 (F) isotypes/antibodies. Cell expression of CD200R (G, J), SIRPa
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was analyzed separately in CD11b*/CD45"8" and CD11b*/CD45"°"/int
cells. No differences of CD200R, SIRP«x or CX3CR1 expression due to the
effect of age or genotype were observed in CD11b*/CD45M8 cells
(Fig. 7G-I). However, in CD1 1b"/CD45"°"/ "t cells, both age and geno-
type modified the expression of CD200R (two-way ANOVA: age effect, F
(1, 25) = 4.41, p < 0.05; genotype effect, F (1, 25) = 12.87, p < 0.01)
and CX3CR1 (two-way ANOVA: age effect, F (1, 26) = 11.28, p < 0.01;
genotype effect, F (1, 26) = 30.51, p < 0.0001) (Fig. 7J,L). A tendency,
albeit not statistically significant, for SIRPa levels to increase by age and
genotype was observed (Fig. 7K). Our results showed that CD200R levels
were increased under IL-10 transgenic overproduction reaching levels
similar to that observed during normal aging (Fig. 7J). On the contrary,
CX3CR1 expression was decreased in adult transgenic mice and in aged
WT mice (Fig. 7L).

Regarding neurons, our data showed a similar number of NeuN™ cells
in all groups studied (data not shown). Expression of CD200, CD47 and
CX3CL1, the neuronal ligands of CD200R, SIRPa and CX3CR1, respec-
tively, was also studied. No significant differences in CD200 or CD47
expression by age or genotype were detected in the neuronal population
(Fig. 7M,N). However, an age- and genotype-dependent reduction of
total CX3CL1 levels was observed (two-way ANOVA: age effect, F (1,
20) = 8.17, p < 0.01; genotype effect, F (1, 20) = 15.49, p < 0.001)
(Fig. 70). Post-hoc analysis revealed that animals with IL-10 over-
production presented lower CX3CL1 levels than did WT animals spe-
cifically during aging (Fig. 70).

4. Discussion

The present study shows that chronic transgenic IL-10 over-
production in the CNS induces a hippocampal microglial phenotype in
adult mice very similar to that observed in the physiological aging,
which could be anticipating the age-related decreased neurogenesis and
cognitive deficits. To the best of our knowledge, this work is the first to
show a negative effect of chronic IL-10 overproduction on hippocampal
neurogenesis of the adult and the aged brain under physiological con-
ditions in vivo.

During aging, the brain microenvironment has been reported to be
modified to a pro-inflammatory status characterized by high oxidative
stress, pro-inflammatory cytokines, and microglial activation (Naka-
nishi and Wu, 2009; Sierra et al., 2007; Udeochu et al., 2016). Specif-
ically, the hippocampus is one of the most affected brain areas by age
(Barrientos et al., 2015; Mattson and Magnus, 2006; Ojo et al., 2015). In
this area, neurogenesis decreases dramatically with normal aging,
impacting cognitive functions (Drapeau et al., 2003; Klempin and
Kempermann, 2007; Villeda et al., 2011). Since neurogenic niches are
intimately associated with the microenvironment, and it is known that
inflammation is detrimental to the process of neurogenesis, it is plau-
sible to think that the neuroinflammation of the aged brain is a critical
factor for the decrease in the generation of new neurons during aging. In
this context, we analyzed adult and aged hippocampal neurogenesis in
transgenic animals with an anti-inflammatory microenvironment
generated by the astrocyte-targeted overproduction of IL-10.

Our observations showing both fewer DCX™ and BrdU™ cells in aged
animals are consistent with the lower hippocampal neurogenesis re-
ported during aging (Klempin and Kempermann, 2007; Kuhn et al.,
1996; Kuipers et al., 2015). Moreover, in these animals, we also reported
spatial memory impairment as a principal feature of hippocampal
affectation. Surprisingly, our results demonstrated that transgenic ani-
mals with overexpression of the anti-inflammatory IL-10 cytokine pre-
sent lower hippocampal neurogenesis than do WT mice during
adulthood. In concordance with the decrease of new neuron formation,
IL-10 overproduction impaired hippocampal-dependent spatial learning
and memory, as was determined by the T-maze and the Morris water
maze. These tests allowed to screen the effects on cognitive function
under different anxiety-levels and cognitive demands in terms of tem-
poral requirements, visual perceptual learning and cognitive flexibility,
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which have been previously described to be sensitive to reduction of
neurogenesis (Anacker and Hen, 2017; Forte et al., 2021) and also allow
to define behavioral signatures depending on genotype and aging
(Gimeénez-Llort et al., 2021). These cognitive deficits also corroborated
the lower excitability of hippocampal synapses and the absence of long-
term potentiation previously described in adult GFAP-IL10Tg animals
(Almolda et al., 2015). In line with our observations, it has been re-
ported that adeno-associated virus-mediated IL-10 expression exacer-
bates hippocampal-dependent memory impairment (Chakrabarty et al.,
2015), whereas IL-10 deficiency partially restores this cognitive deficit
(Guillot-Sestier et al., 2015) in Alzheimer’s disease transgenic mouse
models.

The negative effect of chronic IL-10 overexpression on hippocampal
neurogenesis reported here is consistent with a previous study reporting
that IL-10 administration decreases the number of DCX" cells in the SVZ,
while in IL-10-KO mice DCX expression is increased (Perez-Asensio
et al., 2013). On the contrary, another study reported that IL-10 gene
delivery by adeno-associated viruses enhances hippocampal neuro-
genesis and improves cognitive function in an Alzheimer’s murine
model (Kiyota et al., 2012). As a possible cause of the different IL-10
effects, in the Kiyota et al. (2012) study, IL-10 was administered only
at one time point, while in our work a chronic astrocyte-dependent IL-10
production exists since birth. Moreover, unlike our study, neurogenesis
was enhanced by IL-10 injections in a pathological situation. To study
modifications in neuronal precursor proliferation as a possible expla-
nation of the reduced neurogenesis in GFAP-IL10Tg mice, the number of
cells incorporating the BrdU synthetic nucleotide was quantified before
the apoptosis period. At this time, no differences in the number of
proliferating BrdU™ cells were detected by IL-10 overexpression. Inter-
estingly, our data showing a significant reduction in the number of
BrdU™ cells after the apoptosis period in transgenic mice with respect to
WT mice, demonstrate that IL-10 overexpression negatively affects the
survival of hippocampal NSCs, leading to a decreased neurogenesis
during adulthood. However, no differences in either the expression of
hippocampal BDNF or TGFf, which promote neural survival/differen-
tiation (Goldman et al., 1997; Lee et al., 2002; Taliaz et al., 2010), were
detected between WT and GFAP-IL10Tg mice. These data rule out the
involvement of these factors in the decreased NSC survival produced by
IL-10 overexpression.

Our results showing greater IL-10 levels in the hippocampus and
serum of transgenic mice when compared to WT, point to IL-10 as a key
regulator of hippocampal neurogenesis. IL-10 intraventricular admin-
istration has been shown to maintain NSCs in an undifferentiated tran-
sition state by a direct effect of this cytokine on the NSCs allocated in the
SVZ niche (Pereira et al., 2015; Perez-Asensio et al., 2013). However, as
previously reported by Perez-Asensio and collaborators (2013), our
work demonstrates that neither WT nor GFAP-IL10Tg animals express
IL-10 receptor in NSCs of the hippocampal SGZ niche, and therefore, IL-
10 must be indirectly acting on neurogenesis regulation. In this way,
immune cells, and especially microglial cells, are highly dependent upon
environmental signals (Bennett et al., 2018; Gosselin et al., 2014; Lavin
et al., 2014) and play an important role in the process of neurogenesis
(Carpentier and Palmer, 2009; Kokaia et al., 2012; Ziv and Schwartz,
2008). Here, we observed that transgenic animals present microglial
modifications in markers of general activation (CD45 and CD11b) and
markers involved in neuronal communication (CD200R and CX3CR1).
Curiously, the specific microglial phenotype acquired by IL-10 over-
expression in both age groups was very similar to that observed in
normal aging. This similar phenotype between adult GFAP-IL10Tg and
aged WT microglia had already been found in our previous study, where
we showed an increased microglial cell density, high IBA1 expression
and upregulation of phagocytic markers in GFAP-IL10Tg mice (Sanchez-
Molina et al., 2021).

In concordance with our results, microglial pro-inflammatory acti-
vation has been reported specifically to affect hippocampal survival of
newborn cells rather than cell proliferation or differentiation (Bastos
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et al., 2008; Ekdahl et al., 2003). Specifically, the present work shows
CD200R increase and CX3CR1 decrease in transgenic mice and during
physiological aging. Generally, CD200R-CD200 (Manich et al., 2019)
and CX3CR1-CX3CL1 (Cardona et al., 2006) interactions maintain
microglia in a homeostatic state characterized by anti-inflammatory
signaling pathways (Biber et al., 2007; Hu et al., 2014; Linnartz and
Neumann, 2013). Disruption of these interactions upon aging and its
association with age-related microglial activation has been previously
described (Jurgens and Johnson, 2012). Specifically, decreased levels of
CD200 (Cox et al., 2012; Frank et al., 2006; Lyons et al., 2007) and
CX3CL1 (Bachstetter et al., 2011; Lyons et al., 2009; Vukovic et al.,
2012; Wynne et al., 2010) neuronal ligands have been reported in aged
rodents. However, to the best of our knowledge, our findings demon-
strate for the first time different protein expression of CD200R and
CX3CR1 microglial receptors with normal aging. Interestingly, research
developed in the last decade has demonstrated that microglia-neuron
communication is involved in hippocampal neurogenesis. As an
example, administration of the neuronal ligand CD200 restores neuro-
genesis in a mouse model of Alzheimer’s disease coinciding with an anti-
inflammatory microglial status. Nevertheless, CD200 overexpression did
not enhance neurogenesis in WT mice (Varnum et al., 2015). Consid-
ering these data, the higher CD200R expression that we have reported in
aged and transgenic animals could be trying to compensate for the lower
neurogenesis observed in these animals. On the other hand, disruption
of CX3CR1-CX3CL1 dialogue negatively regulates hippocampal neuro-
genesis by increased production of IL-1p, leading to a pro-inflammatory
scenario (Bachstetter et al., 2011). Thus, our findings showing a
decrease of CX3CR1 and CX3CL1 expression in GFAP-IL10Tg mice are in
concordance with previous studies reporting their correlation with
neurogenesis decline (Bachstetter et al., 2011; Reshef et al., 2017;
Vukovic et al.,, 2012). In general, alterations of ‘“do-not-eat-me”
signaling result in a pro-inflammatory microenvironment shift affecting
the production of new neurons. Here, we identify that homeostatic
microglial receptors are altered by both IL-10 overexpression and
normal aging. However, the levels of the main pro-inflammatory cyto-
kines negatively involved in the process of neurogenesis, such as IL-6, IL-
1B and TNF-a, were very low without differences between WT and
GFAP-IL10Tg mice. Likewise, no differences in BDNF and TGFf
expression were detected by aging or IL-10 overproduction. An impor-
tant consideration is the fact that microglial receptors, neuronal ligands
and cytokines were measured in the whole hippocampus, and therefore,
possible changes of these molecules in the dentate gyrus could be diluted
by the remaining hippocampal structures.

Taken together, our results suggest that the IL-10 effect on neuro-
genesis could be mediated by a disruption in the normal cell-to-cell
contact between microglia and neurons through the effects of IL-10 on
neurons, one of the principal cells expressing the IL-10R in the dentate
gyrus of transgenic animals (Recasens et al., 2019). In this line, Kiyota
and colleagues (2012) demonstrated that microglia pretreated with IL-
10 enhance NSCs proliferation and survival in direct co-cultures.
Nonetheless, a microglial-conditioned medium through indirect (trans-
well) co-cultures with IL-10-treated microglia had no effects on the
neural population (Kiyota et al., 2012). These findings support the need
for direct microglia-neuron contact for a correct neurogenesis
promotion.

Although IL-10 has usually been described as an anti-inflammatory
cytokine with neuroprotective functions (Burmeister and Marriott,
2018; Lobo-Silva et al., 2016), its temporal expression is critical for its
effect. Moreover, the IL-10 effect has recently been described as dual,
including anti- and pro-inflammatory properties depending on the
binding affinity for the IL-10 receptor and its intracellular signaling
(Saxton et al., 2021). Thus, here we report a microglial shift toward a
more activated phenotype similar to that of aged microglia, with a
detrimental effect on hippocampal neurogenesis in animals chronically
overexpressing IL-10 since postnatal development.
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5. Conclusions

This work shows the importance of the microenvironment on
microglial cells and their relationship with neurogenesis. Interestingly,
we have demonstrated that chronic anti-inflammatory IL-10 over-
production has a similar effect to physiological aging on the hippo-
campus. Specifically, in transgenic animals and WT with normal aging,
hippocampal neurogenesis and memory are impaired together with al-
terations in the microglia-neuron communication. Likely, IL-10 over-
expression modifies microglial receptors involved in neuronal
communication, resulting in reduced neurogenesis. This study empha-
sizes the variety of possibilities that a specific cytokine can exert
depending on the moment and the time in which it is expressed. Thus,
we describe new properties of IL-10 in hippocampal neurogenesis in
vivo.
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