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Astrocyte-targeted Overproduction of IL-10 Reduces
Neurodegeneration after TBI
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Traumatic brain injury is the greatest cause of disability and death in young adults in the developed world. The outcome for a TBI patient is de-
termined by the severity of the injury, not only from the initial insult but, especially; as a product of the secondary injury. It is proposed that this
secondary injury is directly linked to neuro-inflammation, with the production of pro-inflammatory mediators, activation of resident glial cells
and infiltration of peripheral immune cells. In this context, anti-inflammatory treatments are one of the most promising therapies to dampen the
inflammatory response associated with TBI and to reduce secondary injury. In this sense, the main objective of the present study is to elucidate
the effect of local production of IL-10 in the neurological outcome after TBI. For this purpose, a cryogenic lesion was caused in transgenic animals
overproducing IL-10 under the GFAP promoter on astrocytes (GFAP-IL10Tg mice) and the neuro-protection, microglial activation and leukocyte
recruitment were evaluated. Our results showed a protective effect of IL-10 on neurons at early time-points after TBI, in correlation with a shift in
the microglial activation profile towards a down-regulating phenotype and lower production of pro-inflammatory cytokines. Concomitantly, we
observed a reduction in the BBB leakage together with modifications in leukocyte infiltration into the affected area. In conclusion, local IL-10 pro-

duction modifies the neuro-inflammatory response after TBI, shifting it to anti-inflammatory and neuro-protective conditions. These results point

to IL-10 as a promising candidate to improve neuro-inflammation associated with TBI.

Key words: Microglia, Neuro-inflammatory response, Leukocytes, Neuro-degeneration, IL-10R, Cytokines

INTRODUCTION

Traumatic brain injury (TBI) is complex and multifactorial dam-
age, mainly described by primary and secondary injuries. The
initial injury is the result of mechanical insult and disruption of
brain tissue. Secondary injury processes consist of molecular and
biochemical changes that start within minutes after the primary
impact, such as inflammation, ischemia, blood brain-barrier dis-
ruption, vasogenic edema, apoptosis and necrosis. This secondary
injury is thus critical in determining the extent of injury expansion
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and damage to brain tissue following the primary insult [1]. If the
incidents that follow brain injury are not controlled in time, they
may spread to healthy areas beyond the main area of injury and
exacerbate the immune response in the central nervous system
(CNS). Thus, urgent care and effective treatment should be avail-
able to TBI patients in the short-, and long-term to treat their head
injuries.

TBI is a heterogeneous disease in terms of cause, pathology, se-
verity and prognosis [2]. Significant consequences of TBI are that
more than half of the survivors are moderately or severely disabled
one year after injury [3]. Apart from permanent physical disabili-
ties, TBI can be recognized as a chronic process associated with
many irreversible pathological conditions. Increased symptoms of
seizures, sleep disorders, neuro-degenerative diseases, psychiatric
diseases, sexual dysfunction, bladder and bowel incontinence,
and systemic metabolic dysregulation may arise and/or persist for
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months to years after injury [4]. Regardless of progression in un-
derstanding the pathophysiological processes of TBI over the last
few decades, many unanswered questions are still unclear.

Indeed, no effective treatment has been approved for TBI by
any health agency in the world. Among the complex cascade of
secondary events, neuroinflammation is a major pathological
process in the post-TBI secondary response. Neuroinflammation
is sometimes considered a double-edged sword, as it can induce
both detrimental and healing effects [5-8]. A better understanding
of the neuro-inflammatory response may help, then, in finding a
good therapy for TBI.

Interleukin-10 (IL-10) is an anti-inflammatory and potent in-
hibitory regulatory molecule that negatively controls CNS glial
cells activation and peripheral immune cell responses [9, 10]. IL-
10 is produced by different cell types such as T cells (Th2), B cells,
macrophages and mast cells. Specifically in the CNS, microglia and
astrocytes are the main producers of IL-10 under a wide range of
inflammatory situations [11-13]. At the same time, microglia and
astrocytes, but also oligodendrocytes, and even neurons, have been
reported to express the IL-10 receptor (IL-10R), under both physi-
ological and pathological conditions [13-17]. Furthermore, IL-10
administration suppresses microglial and astroglial activation, as
well as decreasing production of pro-inflammatory cytokines [18-
20] and leukocyte infiltration [21]. The neuro-protective effect of
anti-inflammatory IL-10 treatment has been studied after focal
stroke, excito-toxic and traumatic spinal cord injury [20, 22, 23].
However, contradictory effects have been observed, depending on
the type of treatment and especially the route of administration.
Thus, intra-parenchymal IL-10 administration prevented the de-
velopment of experimental autoimmune encephalomyelitis (EAE),
whereas the systemic administration of this same cytokine has no
effect [24] or worsened the disease [25]. Moreover, only systemic
IL-10 administration improves the functional outcome after
excitotoxicity and traumatic brain injury [23, 26]. These results
demonstrate that the route of administration of IL-10 impacts the
effects of this cytokine in the evolution of different pathologies of
the CNS.

In this context, and to evaluate the effects of IL-10 locally in
the CNS, our research group generated a new transgenic animal
that overproduces this cytokine under the control of the GFAP
promoter on astrocytes [27]. Under homeostatic conditions, this
GFAP-IL10Tg mouse line showed modifications in the number
and phenotype of microglia in different regions of the brain, such
as cortex, hippocampus and cerebellum, including changes in the
expression of different microglial markers such as Ibal, CDI1b,
CD16/32 and F4/80, both in the adult [27] and during aging [28].
Furthermore, neuro-protective effects have been observed in
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GFAP-IL10Tg animals after different experimental injury models,
such as facial nerve axotomy [29] and perforant pathway transec-
tion (axonal anterograde degeneration) [30], accompanied by
significant changes in the pattern of microglial activation and im-
mune cell infiltration.

Thus, the main objective of this study is to determine the effects
that local overexpression of IL-10 produces on neuro-protection
and the inflammatory response associated with a traumatic brain

injury.
MATERIALS AND METHODS

Animals

Adult transgenic (GFAP-IL10Tg) mice and their corresponding
Wild-type (WT) littermates between four-five months old of both
sexes were used. GFAP-IL10Tg mice have been designed, created
and characterized by our group [27]. All animals were maintained
and housed in their home cages at an appropriate temperature
(24T £27TC) with a 12-hour light-dark cycle and ad /ibitum access
to water and food.

All experimental animal work was conducted according to Span-
ish regulations (Ley 32/2007, Real Decreto 1201/2005, Ley 9/2003
and Real Decreto 178/2004) in agreement with European Union
directives (86/609/CEE,91/628/CEE and 92/65/CEE) and was ap-
proved by the Ethics Committee of the Autonomous University of

Barcelona.

Cryogenic brain injury

Wild-type (WT) and transgenic (GFAP-IL10Tg) mice were anes-
thetized with an intraperitoneal injection of Ketamine (80 mg/
Kg) and Xylazine (20 mg/Kg) at a dose of 0.01 ml/gr per animal.
The head of the animals was shaved and skin cut to expose the
skull. The cryogenic lesion was caused on the right parietal skull,
2.5 mm posterior and 2.5 mm lateral from Bregma. A metal device
having a caoutchouc holder with a tip diameter of 2 mm was kept
in liquid nitrogen (-196T ) and placed on the target point for 30
seconds contact time. Wounds were closed by standard skin suture
(Laboratory Arago.S.L-6/0) and disinfected by iodine solution
[31, 32]. These injured animals were placed in the warmer pad for
recovery and returned to their home cage until sacrifice.

Experimental groups

Non-lesioned (NL) and lesioned animals (at 24 hours (hpi), 3 and
7 days post-injury (dpi)) were distributed in different experimen-
tal groups and analyzed for immunohistochemistry (IHC), flow
cytometry and protein analysis. A total of 89 WT and 93 GFAP-
IL10Tg animals were used for IHC, 20 WT and 20 GFAP-IL10Tg
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for flow cytometry, 19 WT and 19 GFAP-IL10Tg fr protein analy-

S1S.

Tissue processing for histological analysis

Animals were deeply anesthetized with the same Ketamine (80
mg/Kg) and Xylazine (20 mg/Kg) solution described above, but
at a dose of 0.015 ml/gr per animal and intracardially perfused
with 4% paraformaldehyde buffer (4%PFA in Tris-buffer saline
0.1M pH 7.4 (TBS)) for 10 min. The intact brain of each animal
was quickly removed and post-fixed in the same fixative solution
for 4 h at 4T, cryo-protected with 30% sucrose solution in 0.1 M
phosphate buffer for 48 h at 4C and, finally, brains were frozen in
cold 2-methyl butane (-55T to -60T) (320404, Sigma-Aldrich;
St. Louis) and stored at -20T. Stored frozen samples were cut into
30 pum parallel coronal sections using a cryostat (CM 30508 Leica),
mounted on the SUPERFROST® PLUS slides, dried in the oven at
37C for 6 h and stored at -20C until used.

Toluidine blue staining

One series of NL and lesioned (24 hpi, 3 dpi, 7 dpi) WT and
GFAP-IL10Tg animals were dried for 6 h at RT and incubated in
toluidine blue solution (0.1% toluidine blue diluted in acetate Wal-
pole buffer (0.05 M, pH 4.5) for 1 min at RT. After that, slides were
washed with distilled water and dehydrated by graded alcohols
(50%, 70%, 90%, 100% ethanol), treated with xylene and cover-
slipped with histology mounting media.

Fluoro jade-B staining

Sections of TBI-lesioned WT and GFAP-IL10Tg animals at all
time-points (24 hpi, 3 dpi, 7 dpi) were dried for 6 h at RT. After
incubating in potassium permanganate oxidant solution for 15
min at RT (0.06 gr Mno4K solved in 100 ml dH,0), sections were
rinsed in dH,O and incubated in 0.01% Fluoro-Jade-B (FJ-B) solu-
tion for 20 min at RT. For making FJ-B stock solution, 96 ml dH,0,
1 ml glacial acetic acid and 4 ml Fluoro-Jade solution were mixed.
Finally, stained sections were washed with dH,O, dried and dipped
in xylene, and cover-slipped with histology mounting media.

Quantification of degenerating neurons

To study the number of degenerating neurons after TBI in WT
and GFAP-IL10Tg animals, sections labeled with FJ-B were ana-
lyzed for all time-points. A minimum of nine WT and nine GFAP-
IL10Tg animals were used in each time-point. A total of 20 photo-
graphs from a minimum of five sections per animal, including the
penumbra area of the lesion (PLP) (Fig. 1), were obtained using
a 20x lens with a DXM 1200F Nikon digital camera joined to a
bright-field Nikon Eclipse 80i microscope, using the ACT-1 2.20
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(Nikon Corporation) software. Per each animal, in this analysis,
all of the sections in one series were included in which degenerat-
ing neurons were observed. Through analySIS® software, the total
number of degenerating FJ-B+ neurons was quantified. Data were

expressed as FJ-B+ cells/section.

Lesion size quantification

To evaluate the size of the lesion, sections stained with FJ-B were
used. A minimum of eight WT and eight GFAP-IL10Tg animals at
24 hpi, 3 dpi and 7 dpi after TBI were analyzed. A minimum of five
sections per animal containing the penumbra area was analyzed.
Photos of each section were captured using 4x magnification with
a DXM 1200F Nikon digital camera joined to a bright-field Nikon
Eclipse 80i microscope, using the ACT-1 2.20 (Nikon Corpora-
tion) software. Before quantification, all photos of the same sec-
tion were merged in a single photo by Photoshop® CC software.
For each final photo, the affected area, as well as the volume of the
total ipsilateral hemisphere and the lateral ventricle of the affected
area, were measured using analySIS® software. To determine the

corrected affected area, and delete the putative brain swelling or

Lesioned
core

PLP

Fig. 1. Scheme illustrating the lesioned core (dark yellow) and the
penumbra part (PLP) (light yellow) used to perform all quantifications
throughout the study. Adapted from Perego etal. 2011 [33].
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edema, the volume of the lateral ventricle of the affected area was
deducted from the ipsilateral hemisphere for each section. The
volume of the affected area for each section was then calculated
by multiplying section thickness by the number of series and the
corrected quantified affected area. The total affected volume of
each animal was obtained by averaging all of the sections volume
of the affected area. The coronal section corresponding to -0.38
mm distance from Bregma (the area where the center of the lesion
is located) was considered as a zero point and injured frontal and
caudal sections were compared with this Bregma point.

Immunohistochemistry

In this work, the microglial activation, morphology and distribu-
tion were analyzed using Ibal (Ionized calcium binding adaptor
molecule), microglial cell density with Pu.1 (myeloid cell tran-
scription factor), microglial proliferation with phosphohistone 3
(pH3), microglia phagocytosis with CD68 (lysosome-associated
glycoprotein) and TREM2 (triggering receptor expressed on my-
eloid cells 2), the neutrophil and lymphocyte recruitment by MPO
(myeloperoxidase) and CD3 (cluster of differentiation 3), respec-
tively, and, finally, the BBB permeability by IgG (serum protein)
(Table 1).

In all cases, sections were washed with TBS (0.05 M, pH 7.4)
and TBS with 0.1% of Triton (TBST) (pH 7.4) and incubated in
70% methanol+2% H,O, for 10 minutes, to block the endogenous
peroxidase reactivity. Then, sections were incubated with block-
ing buffer (BB) containing TBST+10 ml FBS+0.3% BSA for 1 h at
room temperature (RT). In the case of Pu.1, sections were firstly

Table 1. List of antibodies and reagents used for immunohistochemistry

treated with antigen retrieval solution, containing sodium citrate
buffer (pH 8.5, at 80T for 40 min). Subsequently, sections were
incubated overnight at 4C followed by 1 h at RT with primary
antibody diluted in the same BB (Table 1). Sections incubated with
the same BB lacking the primary antibody were used as a negative
control. Following this, sections were rinsed with TBST and in-
cubated with the corresponding biotinylated secondary antibody
for 1 h at RT. After washing with TBST, sections were incubated
with horseradish peroxidase-conjugated streptavidin diluted in
the same BB for 1 h at RT. Finally, after washing with TBS and TB,
the immune reaction was visualized by incubating sections with
3,3-diaminobenzidine (DAB) solution (90 ml TB+0.05 g DAB
powder+33 ul H,0,). Sections were dehydrated in graded alcohol,
treated with xylene and cover-slipped with histology-mounting

media.

Densitometric analysis

To study microglial reactivity, quantitative densitometric analysis
of sections stained with Ibal, CD68 and TREM2 was performed.
For each immunohistochemistry, a minimum of five TBI-lesioned
WT and five TBI-lesioned GFAP-IL10Tg animals in each time-
point (24 hpi, 3 and 7 dpi), as well as four NL WT and four NL
GFAP-IL10Tg animals were analyzed. Five sections from each ani-
mal and time-point, including two areas of interest (the lesioned
core and the penumbra part (PLP) (Fig. 1)), were analyzed. Three
photos of each section were captured at 20x magnification with a
DXM 1200F Nikon digital camera joined to a bright-field Nikon
Eclipse 80i microscope, using the ACT-1 2.20 (Nikon Corpora-

Target antigen Host Dilution Cat number Manufacturer

Primary antibody Ibal Rabbit 1:1,000 019-19741 Wako

Pu.l Rabbit 1:400 2258S Cell Signalling

pH3 Rabbit 1:3,000 06-570 Millipore

MPO Rabbit 1:100 9535 Abcam

CD68 Rat 1:1,000 MAC 1957 BIO-RAD

TREM2 Sheep 1:200 F1729 R&D Systems

GFAP Mouse 1:100 G3893 Sigma-Aldrich

IL-10R Rabbit 1:50 Sc-985 Santa Cruz

CD11b Rat 1:100 MCA711G AbD Serotec

CD3 Hamster 1:250 MCA2690 AbD Serotec
Secondary antibody Biotinylated Rabbit 1:500 BA-1000 Vector Laboratories

Biotinylated Rat 1:500 BA-4001 Vector Laboratories

Biotinylated Sheep 1:500 BA-6000 Vector Laboratories

Biotinylated Hamster 1:500 BA-9100 Vector Laboratories

Biotinylated Mouse 1:500 BA-2001 Vector Laboratories

Alexa 488 Mouse 1:500 A11029 Invitrogen

Alexa555 Rabbit 1:500 A21428 Invitrogen
Streptavidin ~-HRP 1:500 SA-5004 Vector Laboratories
Streptavidin-Alexa Fluor 555 1:500 $21381 Life Technologies
Streptavidin-Alexa Fluor 488 1:500 S11223 Invitrogen
DAPI 1:10,000 9542 Sigma -Aldrich
176 www.enjournal.org https://doi.org/10.5607/en21035
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tion) software. For each photograph, both the percentage of area
occupied by the immunostaining (%Area) and the intensity of the
immunoreaction (Mean Gray Value) were calculated using the
analySIS® software. The level of immunoreactivity (AI) was calcu-
lated by multiplying the percentage of the area and the intensity of
immunolabeling,

For the quantification of the microglial cell density, sections
stained with Pu.1 were used. A minimum of three TBI-lesioned
WT and three TBI-lesioned GFAP-IL10Tg animals at all time-
points, and four NL WT and four NL GFAP-IL10Tg mice were
used. A minimum of five sections from each animal, including
both the lesioned core and the PLP part, were analyzed. Three
photos of each section were captured with 20x magnification us-
ing the same device and software specified above. The number of
Pu.1+ nuclei was obtained by the “Automatic Cell Counter” (ITCN)
plug-in from NIH Image J software (Wayne Rasband, National
Institutes of Health, USA). Data were expressed as cells/mm’.

Quantification of microglial cell proliferation was performed on
sections immunolabeled for the mitotic marker phosphohistone
3 (pH3) in both NL and TBI-lesioned animals at 24 hpi, 3 dpi and
7 dpi. At least three WT and three GFAP-IL10Tg animals were
analyzed. The number of pH3 positive cells was manually counted
on five different sections per animal using a 20x lens. Data were
averaged and expressed as pH3+ cells/section.

To evaluate neutrophil migration after TBI, sections stained
with MPO were used. A minimum of three WT and three GFAP-
IL10Tg animals were used for each time-point. At least five dif-
ferent sections of each animal were studied. A minimum of three
photos of each section were captured by 40x magnification with a
DXM 1200F Nikon digital camera joined to a bright-field Nikon
Eclipse 80i microscope, using the ACT-1 2.20 (Nikon corporation)
software. The number of MPO+ cells of each photo was counted
using the Image J software and data were averaged and represented
as MPO+/section.

Quantification of lymphocyte infiltration was carried out on
sections immunolabeled with CD3 at 3 dpi and 7 dpi after TBL
At least five WT and five GFAP-IL10Tg animals were analyzed. A
minimum of five different sections of each animal was captured
at 20x magnification using the same device and software specified
above. Data were averaged and expressed as CD3+/section.

To evaluate BBB disruption after TBI, a minimum of three WT
and three GFAP-IL10Tg animals were used at 24 hpi and 3 dpi. At
least five sections of each animal immunolabeled with IgG were
studied. Each section was photographed using the 2x magnifica-
tion and the area occupied by the IgG staining was measured. Data
were averaged and expressed as pum’.

https://doi.org/10.5607/en21035

Double immunaofluorescence and confocal analysis

To detect proliferative microglial cells, immunofluorescence
combining pH3 and CD11b antibodies was performed. Sections
were processed following the same procedure specified in the
previous paragraph for pH3 staining, but rather using anti-rabbit
Alexa-Fluor® 555 conjugated antibody as a secondary antibody.
Then, sections were washed with TBST and incubated for 1 h at
RT in BB followed by anti-rat CD11b diluted in BB overnight at
4T followed by 1 h at RT. Afterward, sections were washed with
TBST and incubated with biotinylated anti-rat secondary antibody
for 1 h at RT and then with Alexa-Fluor® 488 conjugated strepta-
vidin diluted in BB for 1 h at RT. Finally, sections were washed with
TBST, TBS and TB.

To determine the putative IL-10R co-localization with astrocytes,
double immunofluorescence using IL-10R and GFAP was per-
formed. First, sections were dried for 6 h at RT, washed with TBS
and TBST and incubated for 1 h at RT with blocking buffer solu-
tion 2 (BB2), containing 0.2% gelatin (powder food grade, 104078,
Merck; Burlington, Massachusetts, USA) in TBST. After this, sec-
tions were incubated with anti-rabbit IL-10R antibody for 48 h
at 4T followed by 1 h at RT (Table 1). After washing with TBST,
sections were incubated with biotinylated anti-rabbit antibody
diluted in BB2 for 1 h at RT, followed by incubation with Alexa-
Fluor® 555 conjugated with streptavidin diluted in BB2 for 1 h at
RT. Sections were next washed with TBST and incubated with BB
containing 90 ml TBST+10 ml FBS+0.3 g BSA for 1 h at RT. The
experiment was followed by incubation with anti-mouse GFAP
diluted in BB overnight at 4T followed by 1 h at RT, and with anti-
mouse Alexa Fluor® 488 diluted in BB for 1 hat RT (Table 1).

All double-labeled sections were counterstained with 4,9,6-di-
amidino-2-phenylindole (DAPI) diluted in TB for 10 min, before
being cover-slipped with Fluoromount G™ (0100-01; Southern-
Biotech; Birmingham, AL). Negative controls were performed by
incubating the sections with the corresponding BB, but without

the primary antibodies.

Flow cytometry analysis

The phenotype of microglia and monocyte/macrophage popu-
lations, in NL and TBI-lesioned animals (at 24 hpi and 3 dpi)
was analyzed using flow cytometry, as previously described [34].
Briefly, anesthetized animals were intracardially perfused for 1
min with 0.1 M phosphate buffer solution (PBS), the brain was
removed and the cortex was quickly dissected out. To obtain a cell
suspension, samples were dissociated through 140 yum and 70 um
meshes and digested for 30 min at 37T using type IV collagenase
(17104-019, Life Technologies) and DNAase I (D5025, Sigma).
Subsequently, each cellular suspension was centrifuged at RT for
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Table 2. List of antibodies used in flow cytometry

Target antigen Host Format Dilution Cat number Manufacturer
Fe blocker CD16/32 Purified 1:250 553142 BD pharmingen
Primary antibody CD11b PE-Cy7 1:400 557657 BD pharmingen
CD45 PerCP 1:400 557235 BD pharmingen
CCR2 PE 1:400 150609 Biolegend
Ly6C FITC 1:400 553104 BD Biosciences

20 min at 2,400 rpm in a discontinuous, density Percoll gradi-
ent (17-0891-02, Amersham-Pharmacia) between 1.03 g/ml and
1.08 g/ml. Cells in the interphase and the clear upper-phase were
collected, washed in PBS+2% serum, and the Fc receptors were
blocked by incubation for 10 min at 4C in a solution of purified
CD16/32 diluted in PBS+2% serum. Afterward, cells were labeled
for 30 min at 4C with the following combination of surface an-
tibodies: anti-CD11b-PE-Cy7, anti-CD45-PerCP, anti-CCR2-
PE and anti-Ly6C-FITC (Table 2). In parallel, isotype-matched
control antibodies for the different fluorochromes were used as
negative control, and cell suspension of splenocytes as a positive
control. Data were extrapolated as the number of cells using Cyto
CountTM fluorescent beads, following the manufacturers instruc-
tions (52366, Dako Cytomation). Finally, cells were acquired using
a FACS Canto flow cytometer (Becton Dickinson; San Jose, CA)
and results were analyzed using the FlowJo® software. The analysis
was performed separately for each animal without any pooling.

Tissue processing for protein analysis

Animals used for protein analysis were anesthetized with an in-
traperitoneal injection (i.p.) of Ketamine (80 mg/Kg) and Xylazine
(20 mg/Kg) at a dose of 0.015 ml/gr per animal and intra-cardially
perfused with chilled phosphate buffered saline PBS (0.1M, pH
7.4) for 1 min., The ipsilateral cortex was quickly dissected and
snap-frozen individually in liquid nitrogen and stored at -80C.
Total protein was extracted by solubilization of samples on lysis
buffer containing 25 mM HEPES, 2% Igepal, 5 mM MgCl,, 1.3
mM EDTA, 1 mM EGTA, 0.IM PMSF and protease (1:100, P8340,
Sigma Aldrich) and phosphatase inhibitor cocktails (1:100, P0044,
Sigma Aldrich) for 2 h at 4T After solubilization, samples were
centrifuged at 13,000 rpm for 5 min at 4C and the supernatants
were collected. Total protein concentration was determined with a
commercial Pierce BCA Protein Assay kit (#¥23225, Thermo Scien-
tific) according to the manufacturers protocol. Protein lysates were
aliquotted and stored at -80T until used for protein microarray
analysis and ELISA assay.

Cytokines-chemokines analysis
Cytokines IL-1p, TNF-q, IL-10 and chemokines CXCL1 (KC/
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GRO) and CCL2 (MCP-1) were analyzed using a Milliplex® MAP
Mouse Cytokine/Chemokine kit (#¥MCYTOMAG-70K, Merck
Millipore) according to the manufacturer’s instructions. Briefly, 25
ul of each cortex extract, with a final total protein concentration
of 3 pg/ul were added to the plates, along with the standards in
separate wells, containing 25 pl of custom fluorescent beads and
25 pl of matrix solution, and incubated overnight at 4T in a plate-
shaker (750 rpm). After two washes with wash buffer (1x), the plate
was incubated with 25 pl of detection antibodies for 30 min at RT
followed by incubation with 25 ul of Streptavidin-Phycoerythrin
for 30 min at RT in a plate-shaker (750 rpm). Finally, the plate
was washed twice with wash buffer and 150 pl of Drive fluid was
added. A Luminex® MAGPIX® device with the xPONENT® 4.2
software was used to read the plate. Data were analyzed using the
Milliplex® Analyst 5.1 software and expressed as pg/ml of protein.

TGF-P1 was determined by ELISA assay by using the Human/
Mouse TGF-B1 Uncoated ELISA kit (#¥88-8350, Invitrogen-
Thermo Fisher) according to the manufacturer’s instructions.
Briefly, TGF-P1 target-specific antibody was coated to the ELISA
microplate overnightat 4C on the shaker. One-hundred pl of each
cortex extract with a final total protein concentration of 2.5 pg/
mL was added into the wells and incubated overnight at 4C in a
plate-shaker (750 rpm). After three washes with wash buffer, the
plate was incubated with 100 pl of detection antibody for 1 h at RT,
followed by 100 pl of avidin-HRP enzyme for 15 min at RT. Lastly,
the plate was washed five times in wash buffer and incubated with
TMD substrate solution for 15 min. The plate was read in a Bio-
Rad iMark microplate absorbance reader at 450 nm and data were
expressed as pg/mL of protein.

Statistical analysis

All experimental values were expressed as meanzstandard error
of the mean (SEM). Graph PadPrism® 6.01 software was used for
statistical analysis. The Two-way ANOVA test, with Fisher’s Test as
apost-hoc test to compare among the groups, was used.

https://doi.org/10.5607/en21035
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24hpi

o

GFAP-IL10Tg

3dpi 7dpi

Fig. 2. Toluidine blue staining. Representative images showing the toluidine blue staining of cortex in non-lesioned (NL) WT (A) and NL GFAP-IL10Tg
(B) animals. After TBIL, both WT (C, E, G) and GFAP-IL10Tg animals (D, E H) showed the area of lesion in the cortex characterized by a depleted area
of neurons surrounded by the penumbra, exhibiting pigmented nuclei indicative of degeneration from 24 hpi to 7 dpi. No differences between WT and
GFAP-IL10Tg animals were detected at any time-point studied. Scale bar=100 pm.

RESULTS

General cyto-architecture of brain

To detect possible alterations in the cyto-architecture induced by
transgene-encoded IL-10 production in the brain, a microscopic
study of toluidine blue stained sections was performed in both NL
conditions and after TBI (Fig. 2). Our qualitative analysis dem-
onstrated no differences between NL WT and NL GFAP-IL10Tg
mice in the disposition of neuronal layers in the cerebral cortex.
After TBI, at 24 hpi, a depleted area of cells was observed in the
lesioned core of WT animals surrounded by an area of cells with
pyknotic nuclei, corresponding to the penumbra area (PLP). The
number of pyknotic cells in the PLP progressively decreased from
3 dpi to 7 dpi, whereas in the lesioned core it was not until 7 dpi
that an area densely occupied by cells was detected. No apparent
differences between WT and GFAP-IL10Tg mice were found at
any time-point analyzed in either the lesioned core or the PLP area

(Fig.2).

Neuronal degeneration and lesion volume

In order to study the effect of IL-10 on neuronal degeneration,
sections were stained with Fluoro Jade-B (FJ-B), a marker associ-
ated with degenerating neurons (Fig. 3). FJ-B+ neurons were ob-
served in the PLP area, just surrounding the lesioned core, in both
WT and GFAP-IL10Tg mice, with a maximum number at 24 hpi
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and progressively decreasing afterward (Fig. 3A~F). A significant
decrease in the number of FJ-B+ cells was reported in GFAP-
IL10Tg at early time-points (24 hpi and 3 dpi), when compared
with WT (Fig. 3QG).

FJ-B immunostained sections were also used to measure lesion
size. No detectable differences in the lesion volume or the spread
of the lesion were observed between WT and GFAP-IL10Tg ani-
mals at any time-point studied (Fig. 3H~]J).

Analysis of microglial/macrophage cell morphology,
distribution and density
CD11b+/CD45+ Cells/Cell populations

By flow cytometry, we assessed possible modifications in the
number of microglia/macrophage populations induced by the
transgenic production of IL-10 in the ipsilateral cortex. We also
identified the microglia/macrophage population based on the
positive CD11b expression in combination with differential ex-
pression levels of CD45 (Fig. 4). This helped in differentiating ho-
meostatic from activated microglia as well as macrophages. Thus,
ramified or homeostatic microglia was identified as CD11b+/CD-
45" and activated microglia as CD11b+/CD45™. Moreover, the
CD11b+/CD45"" population was identified, which may include
highly activated microglia, monocytes and macrophages cells. In
this study, we have used the term CD11b+/CD45™™ to refer to
the population of homeostatic and activated microglia, jointly.
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Scale bar=50 pm.

Our results showed no detectable differences in the number of
CD11b+/CD45™"™ or CD11b+/CD45"™" cell populations among
NL WT and NL GFAP-IL10Tg mice (Fig. 4C, D). However, ex-
pression levels of CD45 (mean fluorescence intensity), in GFAP-
IL10Tg mice, as compared to WT were higher in the CD11b+/
CD45""™ and lower in the CD11b+/CD45™" cell population (Fig.
4E, F).

After TBI, WT experimented a significant increase in the num-
ber of the CD11b+/CD45™™ cell population at 24 hpi, whereas
in GFAP-IL10Tg mice this increase was observed at 3 dpi. In con-
trast, the CD11b+/CD45"" cells were found to similarly increase
in both experimental groups at 24 hpi, although at 3 dpi the num-
ber was significantly higher in GFAP-IL10Tg animals (Fig. 4D).
Moreover, CD45 expression levels were higher in the CD11b+/
CD45""™ cell population of GFAP-IL10Tg mice than in WT at all

time-points after lesion, whereas it was similar between genotypes
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in the CD11b+/CD45"" populations (Fig. 4E, F).

To assess the specific location, morphology and distribution of
microglia/macrophages along the different time-points after TBI,
Ibal immunohistochemistry was performed. Moreover, to analyze
putative modifications in the cell density of cells, myeloid marker
Pu.1 was used [35]. Our analysis demonstrated a significant in-
crease in Ibal labeling (Fig. 5A, B, W, Z) as well as in the number
of Pu.l+ cells (Fig. 6A, B, 1, L) in GFAP-IL10Tg animals in NL
conditions, as compared to WT. This increase was associated with
morphological changes, such that microglial cells in the cortex of
transgenic animals showed an enlargement of the cell body and
thicker processes (Fig. 51, ]).

After TBI, both WT and GFAP-IL10Tg animals experienced a
remarkable increase in both the Ibal immunoreactivity and the
number of Pu.1+ cells, but with some dissimilarity in the dynam-

ics, depending on the area analyzed.
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In the lesioned core of W, a progressive increase of both Ibal ~ Ibal expression was detected at 24 hpi that increased afterward at
labeling and Pu.1+ cells were observed in the lesioned core from 3 3 dpi (Fig. 5W). Remarkably the initial decrease of Ibal observed
dpi, whereas in GFAP-IL10Tg animals an initial abrupt decrease of  in transgenic animals was not detected when Pu.1 was quantified.
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In the PLP part, WT animals showed an up-regulation in the Moreover, after TBI, remarkable changes in the morphology
Ibal labeling and in the number of Pu.1+ cells at 3 dpi that re-  of activated microglia in the lesioned core and PLP were also
mained stable at 7 dpi. Similar to the lesioned core, the initial de-  observed, depending on the time post-injury in both genotypes.
crease of cells at 24 hpi was only found in GFAP-IL10Tg mice. The characteristic, ramified cells with low ramifications became

Principal differences between WT and GFAP-IL10Tg mice were ~ foamy-amoebic forms at 3 dpi, especially in the lesioned core (Fig,.
found in the lesioned core, showing a higher number of Pu.1+ cells 50, P) and finally appeared as cells with elongated cell nuclei and
at early time-points (3 dpi) (Fig. 6I) and lower Ibal expression later  thick and short processes at 7 dpi (Fig. 55~V). No detectable differ-
on (7 dpi) in transgenic animals (Fig. 5W). ences between WT and GFAP-IL10Tg animals were observed in

To graphically represent the dynamics of microglial activation  terms of microglial morphology at any time-point studied.
following TBI in both WT and GFAP-IL10Tg animals, the fold
changes, with respect to their corresponding NL animals, were cal-  Microglial proliferation
culated. This representation revealed that the upregulation of Ibal In order to study whether changes observed in microglial cell
and Pu.1, with respect to its basal levels, was less pronounced in  density were related to modifications in proliferation, sections
GFAP-IL10Tg animals than in WT at all time-points analyzed (Fig. ~ were labeled for the cell proliferation marker phosphohistone
5X,Y,AB) (Fig. 6], K, M, N). 3 (pH3). Few pH3+ cells were found in NL WT and NL GFAP-
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IL10Tg animals without differences between genotypes. After
TBI, both groups of animals underwent a drastic increase in the
number of pH3+ cells at 24 hpi (Fig. 7A, B). In WT animals, this
increase continued until 3 dpi (Fig. 7C) and decreased thereafter at
7 dpi (Fig. 7E). In contrast, in GFAP-IL10Tg mice, the number of
pH3+ cells decreased significantly at 3 dpi and remained constant
at later time-points (Fig. 7D, F). The comparison between geno-
types showed that the number of pH3+ cells at 3 dpi was signifi-
cantly higher in WT animals than in GFAP-IL10Tg (Fig. 7G).

To analyze the phenotype of proliferating cells, a double immu-
nofluorescence combining CD11b (pan-microglia/macrophages
marker) and pH3 was performed. Quantification of double
CD11b+/pH3+ cells indicated that almost all pH3+ cells cor-
responded to microglia/macrophages in both WT and GFAP-
IL10Tg animals (Fig. 71, J) and confirmed the lower amount of
double-positive cells in transgenic animals at 3 dpi, when com-
pared to WT (Fig. 7H).

Microglial phagocytic phenotype

In order to investigate the putative changes that transgenic IL-10
production may exert on the phenotype of the microglia/macro-
phage cells along the different time-points after TBI, the expres-
sion of two markers related to the phagocytic function of this cell
population, CD68 and TREM2, was analyzed.

CD68 staining

Very low expression of CD68 was detected in NL animals of
both genotypes without remarkable differences between them.
After TBI, a significant increase in the CD68 expression levels was
observed, in both WT and GFAP-IL10Tg animals, at 3 dpi and 7
dpi in the two areas analyzed (Fig. 8A~C, F~H). However, levels
were higher in GFAP-IL10Tg animals at 3 dpi in both areas (Fig.
8C, H). At this time-point, CD68+ microglia showed a bushy mor-
phology in both WT and GFAP-IL-10Tg animals, especially in the
lesioned core, without differences in any of the groups (Fig. 8A, B).
Moreover, the analysis of fold changes for this marker, similar to
the results obtained for Ibal and Pu.1, demonstrating that, despite
the increase in CD68 labeling in transgenic animals, the up-reg-
ulation of this marker in comparison to their NL conditions was
less pronounced in GFAP-IL10Tg than in WT in both lesioned
core and PLP (Fig. 8D, E, L ]).

TREM?2 staining

In NL conditions, an increase in TREM2 expression was ob-
served in GFAP-IL10Tg mice (Fig. 8K, N). After TBI, TREM2
levels showed an abrupt increase at 3 dpi in both WT and trans-
genic animals which was more pronounced in the lesioned core
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than in the PLP. In the lesioned core, moreover, levels of TREM2
continued increasing until 7 dpi only in GFAP-IL10Tg mice (Fig.
8Q). TREM2+ cells displayed amoeboid morphology principally,
but also some scattered ramified TREM2+ cells were observed (Fig.
8L, M, O, P).

Peripheral immune cells

The putative influence of IL-10 on the infiltration of peripheral
immune cells with a key role in the control of TBI was assessed by
flow cytometry and immunohistochemistry. To assess monocytes/
macrophages migration, CCR2-Ly6C expression was analyzed
through Flow cytometry, whereas for neutrophils and T cells, the
immunohistochemistry against myeloperoxidase (MPO) and
CD3, respectively, was used (Fig. 9).

Monocytes/macrophages

As already commented above, the population of CD11b+/CD-
45" cells was augmented in GFAP-IL10Tg animals (Fig, 4D).
This population, among macrophages and highly activated mi-
croglia, may include monocytes, a cell population closely related to
TBI progression. Therefore, a putative effect of IL-10 production
on monocyte infiltration was studied in more detail using CCR2
and Ly6C by flow cytometry. In NL conditions, a low amount of
CCR2+ cells and Ly6C+ cells in the CD11b+/CD45"™" popula-
tion was detected in both experimental groups (Fig. 9B, D). After
TBI, both WT and GFAP-IL10Tg animals showed an increase in
the number of CCR2+, Ly6C+ and CCR2+/Ly6C+ cells in the
CD11b+/CD45"" (Fig. 9B, D, F) population. This increase fol-
lowed a similar dynamic in both groups, increasing at 24 hpi and
remaining without significant modifications at 3 dpi. Neverthe-
less, when compared between genotypes, we observed a signifi-
cantly higher number of CCR2+ and CCR2+/Ly6C+ cells in the
CD11b+/CD45™" population of transgenic animals (Fig. 9B, F).

Noticeably, some CCR2+, Ly6C+ and double CCR2+/Ly6C+
cells also appeared in the population of CD11b+/CD45*""™ mi-
croglia after TBI, whose numbers were higher in the case of Ly6C
in transgenic mice (Fig. 9A, G, E).

Neutrophil recruitment

Regarding neutrophil infiltration, no MPO+ cells were observed
in NL WT or NL GFAP-IL10Tg animals (Fig. 9G, I). After TBI,
MPO+ cells appeared in both WT and GFAP-IL10Tg animals at
24 hpi and decreased significantly at 3 dpi. The number of MPO+
was significantly lower at 24 hpi in transgenic mice (Fig. 9H, J, K).

Lymphocyte infiltration
In terms of T cells, no CD3+ cells were detected in either NL WT
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Blood brain barrier permeability
To evaluate the possibility that the modifications in the infil-

or NL GFAP-IL10Tg animals. After TBI, CD3+ T lymphocytes ap-
peared accumulated in the PLP in both genotypes at 3 dpi and re-

mained stable at 7 dpi (Fig. 9L~O). A two-fold increase in the total
number of CD3+ cells was found at 3 dpi in GFAP-IL10Tg, when
compared with WT (Fig. 9P).
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tration of peripheral immune cells observed in GFAP-IL10Tg
animals were linked to modifications in the permeability of the
blood brain barrier (BBB), detection of the immunoglobulin (IgG),
indicative of leakage, was used (Fig. 10). IgG immunostaining was
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not detected in NL WT or NL GFAP-IL10Tg animals (data not
shown). After TBI, in WT animals, a strong IgG staining was ob-
served within the lesioned core and diffused into the PLP area at
24 hpi followed by a significant decrease at 3 dpi (Fig. 10A,C, E).In
contrast to WT, the IgG staining in GFAP-IL10Tg animals was re-
markably low at 24 hpi and remained unaltered at 3 dpi (Fig. 10B, D,
E).

Cytokines/chemokines profile

After this, we address whether all modifications observed in
transgenic animals were due to changes in the profile of the cyto-
kine/chemokine. We specifically analyzed the expression of key
cytokines linked to TBI, such as IL-1, IL-10, TGF-p1, and che-
mokines related to the recruitment of neutrophils and monocytes,

https://doi.org/10.5607/en21035

such as CXCLI and CCL2, respectively. Our results demonstrated
a significant increase in the expression of IL-1p a few hours after
injury (4 hpi) in both WT and GFAP-IL10Tg that remained with-
out significant modifications in W'T, but returned to basal levels at
24 hpi in transgenic animals (Fig. 11A). Noticeably, GFAP-IL10Tg
animals showed a significant decrease of IL-1p at 24 hpi, in com-
parison to WT (Fig. 11A). Regarding IL-10, whereas in WT ani-
mals the significant increase was not observed until 24 hpi, levels
in transgenic animals were already higher at earlier time-points (4
hpi and 12 hpi) (Fig. 11B). In addition, a remarkable up-regulation
in the level of TGF-B1 was observed at 12 hpi and 24 hpi only in
transgenic animals (Fig. 11C). Both CXCL1 and CCL2 showed
an important increase at 12 hpi, decreasing thereafter at 24 hpi in
both WT and GFAP-IL10Tg animals, without significant differ-
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Fig. 10. IgG immunohistochemistry. (A~D) Representative images showing IgG immunostaining (pseudo-color technique modified by LUT filter in
Image J software) representing BBB-leakage in WT (A, C) and GFAP-IL10Tg animals (B, D) at 24 hpi and 3 dpi. Blue staining represented IgG staining,
whereas a red color represented a non-stained area. (E) Graph showing the quantification of volume (ROI) occupied by the IgG staining in WT and
GFAP-IL10Tg animals at 24 hpi and 3 dpi. Note that transgenic animals presented a significantly lower IgG extravasation, in comparison to WT at 24
hpi. All values are represented as mean+SEM (**p<0.01). In WT animals,“a” indicates significant vs 24 hpi.

ences between genotypes at any time-point analyzed (Fig. 11D, E).
TNF-a was not detected with this technique in any genotype at
any time-point analyzed.

IL-10receptor (IL-10R) staining

Finally, in order to study the target cells responding to the pro-
duction of IL-10, the cells carrying the IL-10 receptor (IL-10R)
were analyzed in both basal conditions and after TBI, using double
immunofluorescence. In NL conditions, both WT and GFAP-
IL10Tg animals showed expression of IL-10R in a few GFAP+ cells
randomly distributed along the cortex (Fig. 12A~F). After TBI, IL-
10R+/GFAP+ cells increased in both WT and GFAP-IL10Tg ani-
mals and were specifically located in the PLP area (just surround-
ing the lesion cavity) (Fig. 12G~L). No detectable differences in the
number of double-positive cells were found between genotypes.
Additionally, some IL-10R+ cells morphologically identified as
neurons were observed in the PLP area in both genotypes without
differences among them (data not shown).
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DISCUSSION

In this study, have shown that astrocyte-targeted local produc-
tion of IL-10 induces a decrease of the neuronal degeneration
associated with TBI. This neuro-protection correlates with an
increase in the microglia/macrophage cell density with an up-
regulated phagocytic phenotype. Moreover, local IL-10 produc-
tion reduces BBB leakage, inducing lower neutrophil recruitment
but up-regulating the infiltration of monocyte/macrophages and
T lymphocytes to the site of injury. All of these changes are associ-
ated with significant modifications in the expression of cytokines,
including a decrease of IL-1p and an increase in TGF-p1.

Reduction in neuronal degeneration in GFAP-IL10Tg mice
after TBI

Neuro-degeneration is the principal cause of disability after TBI
and is the major determinant of long-term outcomes. The initial
primary injury causes direct mechanical damage to the brain
tissue and neurons, whereas secondary injury is the result of dif-
ferent molecular, cellular and physiological processes initiated
following this primary insult. Secondary injury is mediated by

https://doi.org/10.5607/en21035
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Fig. 11. Cytokine/chemokine expression. Graphs showing the temporal expression of IL-1f (A), IL-10 (B), TGF-B1 (C), CXCL1 (D) and CCL2 (E) and
in non-lesioned (NL) and TBI-lesioned animals from 4 hpi to 24 hpi in both WT and GFAP-IL10Tg animals. Note the lower levels of IL-1( and the
higher levels of TGF-B1 observed in GFAP-IL10Tg mice at 12 hpi and 24 hpi. All values are represented as mean+SEM (*p<0.05, **p<0.001). In WT
animals: “a” indicates significant vs NL,“b” indicates significant vs 4 hpi, ‘¢’ indicates significant vs 12 hpi. In GFAP-IL10Tg animals: “a” indicates signifi-

cantvs NL,“b” indicates significant vs 4 hpi,“c” indicates significant vs 12 hpi.

several factors, including free radicals production, excitotoxicity
as well as the neuro-inflammatory response linked to TBI [36].
In agreement with previous studies [37, 38], in this study injured
neurons appeared in the ipsilateral cortex surrounding the impact
site by 1 and 3 days after injury. The neuro-protective effect of
IL-10 was observed following TBI with a significant decrease in
the number of FJ-B+ degenerating neurons at early time-points.
Similarly, some studies have reported the anti-inflammatory and
neuro-protective properties of systemic administration of IL-10
after TBI [26] and stroke [22], as well as the protective effects of
astrocyte-targeted production of IL-10 after facial nerve axotomy
[29] and perforant pathway transection [30]. It has been exten-
sively demonstrated that after TBI the neuro-protective effect of
IL-10 is exerted via suppressing the expression of various pro-in-
flammatory cytokines, such as TNF-a, IL-1p, IL-2, IL-6, MIP-2 and
MCP-1(CCL2) [26, 39]. In agreement, in our study, a decrease in
the amount of IL-1p is observed in GFAP-IL10Tg animals at those
time-points where the neuroprotection is reported. Moreover, to
our knowledge, this is the first study to report beneficial effects of
IL-10 after TBI when produced locally in the CNS.

Whether this effect is directly on neurons, indirect on other CNS
cells, or is the consequence of both effects together is a difficult

https://doi.org/10.5607/en21035

statement to answer. On one hand, we observed IL-10R+ neurons
in the area surrounding the lesion cavity, the same area where
degenerating FJ-B+ neurons were localized, pointing to a putative
direct protective effect over neurons, as described in other injury
models, by promoting neuronal survival [40] and/or preventing
neuronal death [41]. However, also, GFAP+ astrocytes located in
the penumbra of the lesion have been detected, and transgenic an-
imals presented important modifications in the microglial reactiv-
ity and peripheral immune cell infiltration, making it impossible
to exclude the possibility of an indirect neuro-protective effect of
IL-10 through the action on astrocytes. We will discuss these issues
in detail in the following paragraphs.

Microglia/macrophages in GFAP-IL10Tg animals showed
an increase in numbers and more phagocytic phenotype
Microglia/macrophage activation is a common feature of the
neuro-inflammatory response associated with most of neurologi-
cal pathologies, including TBI. Microglial activation occurs early
after TBI in both experimental animal models and human pa-
tients and can be activated chronically for years [42-44]. The acute
response of microglia to TBI is to migrate to the site of injury to
mitigate inflammation by eradicating toxic substances and remov-
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Fig. 12. IL-10R expression. Representative images showing the double immunofluorescence combining IL-10R (red) and GFAP (green) in non-le-
sioned (NL) (A~F) and TBI-lesioned animals at 3 dpi (G~L). Note that a major part of IL-10R+ cells showed co-localization (yellow) with GFAP in both
NL and after TBI in both genotypes (arrowheads). Scale bar=10 um.

ing/phagocytosing death cells from the environment, to restore Our results showed a significant increase in microglia/mac-
the normal brain environment and permit tissue repair. In addi-  rophage cell density after TBI in both WT and GFAP-IL10Tg
tion, activated microglia produce and release pro-inflammatory  animals, but being higher in transgenic animals, especially at 3
cytokines such as TNF-q, IL-1B, CCL2, CXCLI, reactive oxygen  dpi. Microglial proliferation has been proposed as being the main
species (ROS) and reactive nitrogen species (RNS), which are del-  possible mechanism mediating microglia/macrophage expansion

eterious to neurons and perpetuate tissue damage [45-49]. after TBI [50, 51]. However, the total number of mitotic cells in
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GFAP-IL10Tg animals decreased in our study, correlating with the
lower-fold increase reported in transgenic mice in terms of Ibal
and Pu.1. These results pointed to IL-10 as an inhibiting factor for
the microglial proliferation phenomenon, as we already reported
in our previous results [30]. Although initially, it seems paradoxi-
cal, as GFAP-IL10Tg showed a higher number of microglia/
macrophage cells, it is important to take into account here that the
amount of microglial cells in NL conditions is already higher in
transgenic animals than in WT. The fact that we did not detect IL-
10R expression on microglia/macrophage cells after TBI, together
with previous studies in vitro [52, 53] or in vivo [30] showing no
direct effects of IL-10 on microglial proliferation, suggest that the
modification in microglial proliferation might be an indirect effect
mediated by IL-10 over degenerating neurons and/or astrocytes,
the principal cells expressing the IL-10R.

In addition to the proliferation process, local production of IL-10
may influence the extension of microglial survival and/or mono-
cytes/macrophages recruitment and could be another possibility
to explain the expansion of microglia/macrophage cell density in-
duced by IL-10. Inflammatory monocytes/macrophages have been
described as the major recruited peripheral immune cells between
3 and 5 days after TBI [54-57]. In concordance, our results clearly
showed the presence of CCR2+/Ly6C+ inflammatory monocytes
within the CD11b+/CD45"" cell population of both experimen-
tal groups. The number of recruited inflammatory monocytes was
higher in GFAP-IL10Tg animals at 3 dpi, the time-point in which
maximal differences in microglia/macrophage cell density were
detected between W'T and transgenic mice, suggesting that IL-10
is influencing the recruitment of peripheral inflammatory mono-
cytes. We did not detect differences in the amount of the CCL2
level, the principal chemokine involved in monocyte recruitment,
between genotypes, at least at the early time-points data analyzed,
suggesting that other mechanisms rather than chemokines impact
on monocyte recruitment by IL-10. As we comment in the follow-
ing paragraphs, modifications in the BBB could be the reason.

In addition to modifications in cell number, we reported lower
Ibal levels in activated microglia of GFAP-IL10Tg at later time-
points, supporting the previous reports that described a down-
regulatory effect of IL-10 on microglial activation [14, 53]. How-
ever, these transgenic activated microglia are also characterized
by higher expression of both CD68 and TREM2 markers usually
linked with phagocytosis [58], particularly in the lesioned core at
early time-points. As already commented, one of the main func-
tions of acutely activated microglia is to eliminate dead cells from
the injury site to permit tissue regeneration and repair. Thus, the
higher number of CD68+ and TREM2+ microglia detected on
GFAP-IL10Tg mice could be related to more rapid and efficient
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phagocytosis of cellular debris, which can lead to the reduction in

neuro-degeneration observed in these animals.

Decreased blood brain barrier permeability reduces
neutrophil infiltration but increases T lymphocyte
recruitment in GFAP-IL10Tg mice

Blood brain barrier (BBB) leakage has been demonstrated during
the acute phase of several experimental animal models of TBI [59-
62]. The opening of BBB occurs around 1-hour post injury and
lasts for a longer time at 4, and even 7 days post-TBI [59, 60]. Acute
BBB breakdown after an injury is concomitant with a rapid neu-
trophil infiltration into the injured parenchyma, peaking between
24 hpi and 3 dpi, which could greatly aggregate the secondary tis-
sue damage by secreting and releasing neurotoxic factors [56, 63].
In our study, vascular damage occurred in both WT and GFAP-
IL10Tg animals at 24 hpi and 3 dpi. Interestingly, the permeable
abnormalities of BBB in GFAP-IL10Tg animals are strongly
attenuated at 24 hpi, accompanied by a significant decrease in
neutrophil recruitment into the injured parenchyma. Infiltration
of neutrophils is one of the first events in the neuro-inflammatory
cascade, turned on after TBI [56, 63]. Detrimental consequences
have been associated with neutrophil infiltration, ranging from
the direct toxic effects on neurons of matrix metallo-proteinases
and reactive oxygen species to edema and cellular metabolic stress
resulting from the increase of vascular permeability [64]. Thera-
peutic neutrophil depletion demonstrated reduced brain tissue
loss, reduced microglial activation and cell death [65], as well as
a benefit in neurological outcome [66]. These studies lead us to
speculate that local production of IL-10 is moditying blood brain
permeability, at early 24 hpi, inducing lower recruitment of neu-
trophils that leads to lower neuronal degeneration.

Besides the reduction in BBB leakage and neutrophil migration,
GFAP-IL10Tg animals showed a higher number of infiltrated
CD3+ T cells. Similar results were reported using the same trans-
genic animal after facial nerve axotomy [29] and perforant path-
way transection [30]. Recruitment of T cells after TBI appears to
occur together with monocytes/macrophages during acute and
chronic phases [67, 68]. However, the exact role played by lympho-
cytes in the context of TBI was poorly understood, as controversial
results were obtained in different animal models. Some reports
showed that T cells exacerbated the post-traumatic tissue damage
injury [69], whereas other studies reported no differences between
wild-type and Rag-/- mice (which lack lymphocyte responses) in
terms of injury severity and neurologic impairment after a closed
head injury [70]. According to our results, GFAP-IL10Tg mice
have more T cells together with neuro-protective effects. This pro-
tective effect could be related to differences in the phenotype of T
191
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cells. A positive correlation between higher T-regulatory cells (T-
regs) in the blood and a better clinical outcome has been reported
in TBI patients [71]. Moreover, depletion of T-regs after TBI leads
to aggravating motor deficits [72]. Thus, a detailed study of the dif-
ferent T cell subsets, especially T-regs, in the context of the GFAP-
IL10Tg animals, is necessary to clearly understand the role of TL-
10 in the neuro-immune response associated with TBI.

Astrocytes and degenerating neurons are the principal cell
types expressing the IL-10R

Finally, we wish to explore the cells responsible for IL-10R. Our
results clearly demonstrated that astrocytes and neurons located in
the penumbra area are the principal cells expressing IL-10R after
TBI. In agreement with this, previous reports in vitro and in vivo
described the expression of IL-10R in astrocytes [13-15, 27] and
neurons [17,27] under physiological and pathological conditions.
These results indicate that all of the modifications observed in
the microglial activation pattern and BBB leakage may be related
to the indirect effects of IL-10 on astrocytes and/or degenerating
neurons located in the penumbra.

Indeed, the dynamic interaction between microglia and astro-
cytes has been described in some studies to be mediated by cyto-
kines such as TGF-{ [14, 73, 74]. Norden and colleagues demon-
strated that astrocytes stimulated by IL-10 secrete TGF-P and that
this TGF-p down-regulates LPS-activated microglial activation
associated with a reduction in pro-inflammatory cytokines such
as IL-1f, IL-6, CCL2, TNF-a [14]. Thus, it is plausible that IL-10
signaling acts directly on astrocytes, which produces and secretes
high levels of TGF-p, and this cytokine modulates microglia ac-
tivation. Nevertheless, further studies are mandatory to analyze
astrocyte-microglia communication molecules specifically after
TBI, to decipher the specific role exerted by IL-10.

CONCLUSION

In this study, we show that IL-10 exerted a neuro-protective ef-
fect at early time-points after TBI. This effect could be mediated
by a direct effect on neurons located in the penumbra carrying
the IL-10R and by indirect effects derived from the effects exerted
on astrocytes, the other cell-type expressing the receptor. IL-10R
signaling in astrocytes involves an increase in the secretion of
TGF-P1, an anti-inflammatory communicator molecule between
microglia and astrocytes, which attenuates microglial activation
and pro-inflammatory cytokine production (IL-1f) but upregu-
lates the microglial phagocytic phenotype, producing a better
elimination of cellular debris. In addition, IL-10 production within
the CNS reduces BBB leakage and neutrophil migration as well
192
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as promoting monocyte/macrophage and T lymphocyte recruit-
ment, shifting to an anti-inflammatory and protective immune

inflammatory response.
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