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                                     Summary  

 

 

Inflammatory is essential in responses to peripheral infections and damage. 

Benefits of inflammation can be achieved if this phenomenon is controlled and for a 

defined period of time.  Unregulated, sustained or excessive inflammation is the 

major cause of different neuropathologies. In the central nervous system (CNS), 

cerebral neuroinflammatory response after traumatic brain injury (TBI) has been 

characterized in patients and in different experimental animal models as one of the 

main causes of secondary injury leading to neuronal degeneration. 

Neuroinflammation is characterized by glial cell activation, leukocyte recruitment, 

and upregulation and secretion of cytokines and chemokines mediators. In addition, 

blood brain barrier (BBB) impairment has an important role in the acute time after 

TBI, allowing the entry of circulating neutrophils, monocytes, and T lymphocytes to 

the site of injury, and thus affecting neuronal death. 

In different studies the crucial role of anti-inflammatory cytokines in reduction of 

neuroinflammatory responses have been demonstrated. 

In this context, the objective of the present PhD was to characterize the effects of 

local production of IL-10 on the neuroinflammatory response characteristic of TBI. 

To achieve that cryogenic lesion model of TBI was applied to transgenic animals 

producing IL-10 under the astrocytic promoter GFAP (GFAP-IL10Tg animals) and 

their wild type counterparts, and different features of the neuroinflammatory 

response analyzed.  

This work revealed that IL-10 promotes the survival of neurons in the early hours 

after injury by inhibiting glia cell activation, neutrophil recruitment, disruption of BBB 

and the expression levels of the proinflammatory cytokine IL-1β, associated with 

increased T lymphocytes infiltration. These results point to IL-10 as a good 

candidate to ameliorate the neuroinflammatory response after TBI and prevent 

secondary tissue damage.  
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                                                 Introduction 
 
 

 

Traumatic Brain Injury (TBI)  

External forces such as penetrating objects or a bump, blow or shake to the head 

that cause cognitive, psychological, neurological, and anatomical alterations in the 

brain, lead to traumatic brain injury (TBI). TBI has received major attention due to 

intense military conflicts worldwide, sport related injuries, and injuries among toddler 

and senior populations. According to a report by Disease Control and Prevention 

Center (CDC), 53,000 people die from TBI-related incidents every year in the United 

States (Coronado et al., 2011). This number does not include injuries seen at 

military or Veterans Health Administration health facilities. The National Institute of 

Neurological Disorders and Stroke (NINDS) reports that as many as 1.4 million 

people experience a TBI every year, out of which 50,000 cases die, 1 million is 

treated in hospital emergency rooms, and 230,000 are hospitalized and survive.  

 

Depending on the intensity and the cause of injury the brain damage exert is to 

different extents and in different degrees. As a result of TBI, the brain faces massive 

cell loss and inflammatory events that leads to a secondary progressive 

neurodegeneration of neighbouring cells.  

Traumatic brain injury (TBI) is complex and multifactorial damage, mainly described 

by primary and secondary injury. Initial injury is the result of mechanical insult and 

disruption of brain tissue.  Molecular and biochemical changes started within 

minutes after the primary impact, termed secondary injury. Secondary injury 

processes, such as inflammation, ischaemia, blood brain barrier disruption, 

vasogenic edema, apoptosis and necrosis are critical in determining the extent of 

injury expansion and damage to brain tissue following the primary insult (Greve and 

Zink et al., 2009). If the incidents that follow brain injury are not controlled on time, 

they may spread to healthy areas beyond the main injury area and exacerbate the 

immune response in the central nervous system (CNS). Thus, urgent care and 

effective treatment should be available to TBI patients in the short and long term to 

treat their head injuries. 

 

TBI is a heterogeneous disease in terms of cause, pathology, severity and 

prognosis. Therefore, it is hard to anticipate expected outcomes for individual 

patients (Ghajar  et al., 20006). Significant consequences of TBI are more than half 

of the survivors are moderately or severely disabled one year after injury (Thornhill 

et al., 2000). Apart from permanent physical disabilities, TBI can be recognized as 
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a chronic process associated with a number of irreversible pathological conditions. 

Increased symptoms of seizures, sleep disorders, neurodegenerative diseases, 

psychiatric diseases, sexual dysfunction, bladder and bowel incontinence, and 

systemic metabolic dysregulation may arise and/or persist for months to years after 

injury (Masel and DeWitt  et al., 2010). Regardless progression in understanding 

the pathophysiological processes of TBI during the last decades, many unanswered 

questions still unclear.  

 

Indeed, no effective treatment has been approved for the 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 by stimulating and involving multiple cell types within the CNS, 

is sometimes considered a double-edged sword, as can induce both detrimental 

and healing effects (Cederberg and Siesjo  et al., 2010; Cole et al., 1986; Hagemann 

et al., 2007; Doyle and Buckwalter et al., 2012; Cerecedo-Lopez et al., 2014). A 

better understading of the neuroinflammatory response may then help in finding a 

good therapy for TBI. 

 
 
 

Animal models of TBI 
 

There are several animal models of TBI established that reflect different features of 

the human head injuries.  

 
 

  Cryogenic model of TBI 
 
Cryogenic model has been described first by Klatzo (Klatzo  et al., 1958; Albert-

Weissenberger et al., 2010). The injury is delivered to the skull of animal by applying 

of a cold rod (for exemple using a cylinder or container filed with liquid nitrogen (-

183°C) or a dry ice pieces directly applied over the skull). The cryogenic model 

produces focal brain injury. The primary lesion is circumscribed by a penumbral 

zone in which secondary pathological processes lead to neuronal death.  

There are common pathological an histological characteristics between cryogenic 

model and human head injury such as expression of pro-inflammatory cytokines 

within 24 hour after injury, disruption of blood brain barrier at the early hours leading 

to swelling, vasogenic aedema and inflammation. This model is a useful model to 

study and asses the long - term neurodegenerative changes which is similar to late  

complications of human head injury such as impairment in cognitive and behaviour 

outcome. In addition, easy and simplicity in performing of lesion and highly 

reproducible in lesion size and location  make it useful to evaluate 

pathophysiological processes of the secondary lesion expansion at the cortical 

impact site, monitor the effect of pharmacologic treatment. Lack of mechanical injury 
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and contra coup and diffuse axonal injury are disadvantages of this model (Raslan 

and Schwarz et al., 2010; Sire´n et al., 2006). 

 
 

  Fluid percussion injury models (FPI) 
 
The FPI model is one of the most widely-used experimental animal model of TBI. In 

FPI model, the animals are subjected to craniotomy and an insult is applied by a 

fluid pressure pulse to the intact dura mater, producing a brief deformation of the 

tissue. Based on craniotomy position far away from the sagittal suture, FPI models 

can be classified into midline (cantered on the sagittal suture), parasagittal (<3.5 

mm lateral to midline) and lateral models (>3.5 mm lateral to midline; LFPI) (Albert-

Weissenberger  et al., 2010; Kabadi et al., 2010). FPI models deliver reproducible 

injury that mimics human clinical TBI without skull fracture and reflect aspects of 

contusion, diffuse axonal injury, intracranial haemorrhage, brain swelling and 

progressive grey matter damage. Both focal and diffuse injury can be produced by 

this model. The degree of damage depends on two parameters, craniotomy location 

and injury severity (the strength of the pressure pulse). 

 

  Controlled cortical impact injury model (CCI) 
 
A piston or rigid impactor is driven by air pressure or electromagnetism onto the 

exposed dura through craniotomy at a controlled angle, velocity and depth. (Albert-

Weissenberger et al., 2010) CCI model induces cortical brain contusion, 

haemorrhage, blood brain barrier, vasogenic edema disruption, neuronal cell death 

and degeneration, astrogliosis, microglial activation, inflammatory events, axonal 

damage and cognitive deficits. CCI model generates both focal cortical and diffuse 

sub cortical injuries. 

The predominantly focal brain injury caused by CCI makes this model to a useful 

tool for studying the pathophysiology of the secondary processes induced by focal 

brain injury (Dixon et al., 1991; Lighthall et al., 1990). 

 

 
  Weight-drop model 
 
In weight- drop model injury (Feeney’s weight-drop and Shohami’s weight-drop ) is 

delivered to the exposed skull (with or without a craniotomy) in the marine animals 

by use of the gravitational forces of a free falling weight and producing both focal 

and diffuse injuries. (Albert-Weissenberger  et al., 2010; Morales et al., 2005). 

Adjusting the mass of the weight and the height from which it falls can alter injury 

severity in these models. 

Weight-drop model induces cortical brain contusion, haemorrhage, BBB 

breakdown, neurological impairment, astrogliosis, microglial activation, 
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inflammatory events and axonal damage. No long-term studies have evaluated 

behavioural dysfunction after weight drop TBI and it remains a poorly understood. 

The weight drop model represents a quick, easy, and convenient technique. One 

disadvantage of this model involves the increased probability of skull fractures at 

higher magnitudes of injury severity (Albert-Weissenberger, Varrallyay and  Raslan  

et al., 2012; Feeney and Boyeson  et al., 1981). 

 
 

 

Acute inflammation after traumatic brain injury 

 

A dramatic and robust inflammatory response develops acutely after injury and is 

characterized by 1) the activation of CNS resident cells (microglia and astrocytes), 

2) the migration and recruitment of peripheral leukocytes, and 3) the release of 

inflammatory mediators (Soares et al., 1995; Ziebell et el., 2010). Within minutes 

and hours after the injury, cellular damage associated with the mechanical impact 

release certain number of endogenous components, such as RNA, DNA, heat 

shock proteins (HSP), and HMGB1 (high mobility group box 1), which act as 

damage associated molecular patterns (DAMPs) (Manson et al, 2102) and signal to 

other cells via pattern recognition receptors,  like Toll-like receptors (TLRs). CNS 

resident cells, including microglia, astrocytes and cerebrovascular endothelium, 

express molecules of the TLR family (Gurley and Nichols et al., 2008; Kigerl  et al., 

2014; Nagyoszi and Wilhelm et al., 2010 ). Binding of DAMPs to TLRs activates the 

nuclear factor-κB (NFκB) and MAPK signalling pathways leading to the release of a 

variety of pro-inflammatory factors, including cytokines (IL-1β, TNF-α IL-6), 

chemokines, and upregulation of immune receptors. This initial wave of 

inflammatory mediators serves to activate microglia and astrocytes, possibly 

increasing their migration, and recruit peripheral immune cells to the site of injury 

(Dalgard and cole et al., 2012; Soares et al., 1995; Rhodes et al., 2011). After 

recruitment to the brain, leukocytes initiate the production of a second wave of 

inflammatory mediators that contributes to the tissue damage (Soares et al., 1995). 

Neutrophils are the first peripheral immune cell type responding to injury. They star 

accumulating in the subarachnoid space and vasculature near the injury and 

subsequently enter into the brain parenchyma around 1 day post injury. (Soares et 

al., 1995; Rhodes et al., 2011). In contrast, mononuclear leukocyte accumulation 

predominates in the lesion later on, by 3–6 days post injury (Soares et al., 1995; 

Rhodes et al., 2011). Identification by immunohistochemistry and flow cytometry 

indicates that most recruited cells are inflammatory CD45hiCCR2+ Ly6C+ monocytes 

(Hsieh et al., 2013). Leucocyte recruitment is essential for clearing tissue damage 

or infection, whereas recruited neutrophils and macrophages in the site of injury 

release reactive oxygen and nitrogen species that exacerbate tissue damage. (Liu 

Yang-Wuyue et al., 2108). Moreover, microglia and macrophages express MHC-ll 

antigen presenting immunoregulatory characteristics. They mediate activation and 
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migration of T lymphocytes and natural killer (NK) cells to the site of injury to better 

resolve tissue damage. T lymphocytes and natural killer (NK) infiltrate in low 

numbers, but with a similar temporal profile, to monocytes (Holmin et al., 1995). At 

the same time, brain-resident microglia and astrocytes become activated. Microglia 

assume an amoeboid morphology, secrete inflammatory factors, perform 

phagocytosis, and are largely indistinguishable from infiltrating monocyte-derived 

macrophages (Soares et al., 1995; Kelley et al., 2007).  

Resolution, the final phase of acute inflammatory response, takes place around 10–

14 days after injury, when peripheral immune cells are largely absent. However, in 

some studies the presence of F4/80+macrophages and glial fibrillary acidic protein 

(GFAP)+ astrocytes at sites far away from the primary injury, remain in deeper brain 

regions such as thalamic projection, for months and even years after the primary 

insult, indicative of diffuse injury (Kelley et al., 2007). 

 

It has been long established that neuroinflammation is a major contributor to 

secondary injury. In fact, it has been postulated that in many cases, TBI-induced 

neuroinflammation is more detrimental to pathological progression than the primary 

injury itself. Thus a major knowledge of this inflammatory response could help in the 

finding better therapeutic strategies to avoid the spreading of the secondary injury.  

 

 

 

Figure 1. Inflammatory response to traumatic brain injury (TBI). 

 (A) Time course of molecular and cellular mediators after TBI. (B–E) Histological representation of  

the inflammatory reaction. Extracted from (Gyoneva and Ransohoff  et al., 2015).  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Gyoneva%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ransohoff%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
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  Cellular components of acute inflammation 

As already commented the principal cellular components of the neuroinflammatory 

response associated to TBI are the glial response, including both 

microglia/macrophages and astrocytes as well as the peripheral immune cells 

recruited to the injured brain, principally neutrophils, monocytes and T-cells. 

 Microglial cells  

 Microglial cell activation and polarization 

When the homeostasis of the CNS becomes altered as a result of acute or 

chronic injuries, microglial cells become activated. This microglial activation, among 

others, includes changes in the phenotype of the cells that depends of the nature of 

the injury, the severity, and the specific microenvironment in which the microglia 

response takes place. In an attempt to organize the wide amount of molecules and 

factors that microglia can produce after activation, many studies along the last years 

have tried to define different populations of microglia. This is how the concept of 

microglia polarization emerges. Microglial polarization is a relatively new concept, 

not without conflict, which has been already described in many studies (Ransohoff 

et al., 2016). This polarization concept on microglia come from the concept that, as 

their counterparts in peripheral tissues, the macrophages, show considerable 

plasticity that able them to respond to environmental signals and change their 

phenotype and function following pathogen exposure or tissue damage (Gordon et 

al., 2003; Sica and Mantovani et al., 2012). Two main distinct macrophage 

phenotypes have been described, the M1 and the M2-macrophage activation state 

(Gordon et al., 2003; Sica and Mantovani et al., 2012). Moreover, the M2 phenotype 

is grouped into three polarization subtypes, M2a, M2b and M2c, each with a specific 

function and pattern of phenotypic marker expression (Gordon et al., 2003; Sica and 

Mantovani et al., 2012). 

M1 phenotype  

The classical M1-like phenotype is associated with the response of 

macrophages to pro-inflammatory molecules, such as bacterial 

lipopolysaccharide (LPS) or the TH1 cytokine, interferon-γ (IFNγ). Once 

activated M1-cells secrete high levels of pro-inflammatory cytokines (IL-1β, 

IL-12, tumor necrosis factor-α (TNFα)), chemokines (CCL2, CXCL9, 

CXCL10), and reactive oxygen species (ROS) that are essential for host 

defence (Colton et al., 2009; Gordon et al., 2003; Sica and Mantovani et al., 

2012). M1-like activation is associated with phagocytosis, and ROS release 

(Colton et al., 2009; Gordon et al., 2003; Sica and Mantovani et al., 2012) 
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and is characterized by specific markers such as CD16, CD32, CD86, MHC 

II and iNOS. In many cases, the M1-like response is protective and is 

downregulated after damage and pathogen removal; however, a 

dysregulated or excessive M1-like activation in the brain can induce 

neurotoxicity by releasing  of pro-inflammatory factors and neurotoxic 

mediators that induces neurodegeneration.  

M2 phenotype 

In response to TH2 cytokines, such as IL-4 and IL-13, macrophages adopt 

an alternative M2a-like state that is associated with immunity against 

parasites, Th2 cell recruitment, tissue repair, and growth stimulation (Colton 

et al., 2009; Gordon et al., 2003; Sica and Mantovani et al., 2012). M2a-cells 

are associated with production of anti-inflammatory cytokines (IL-10), 

upregulation  of several phenotypic markers such as arginase 1, CD206, 

Ym1, Fizz1, inhibition of NFkB isoforms, and high expression of  phagocytotic 

scavenger receptors (Colton et al., 2009; Gordon et al., 2003; Sica and 

Mantovani et al., 2012).  

In response to IL-10, glucocorticoid and TGF-β, macrophages acquire a 

‘deactivated’ M2c-like phenotype.  This phenotype appears to be involved in 

tissue remodelling and matrix deposition after inflammation (Colton et al., 

2009; Gordon et al., 2003; Sica and Mantovani et al., 2012). Phenotypic 

markers of M2c- cells include CD163, CD206 and TGF-β. 

Finally, in response to immune complex exposure and toll like receptors 

(TLRs) ligands macrophages can adopt an intermediate M2b-like phenotype 

(Colton et al., 2009; Gordon el al., 2003; Sica and Mantovani et al., 2012). 

M2b can induce either pro- or anti-inflammatory function and is associated 

with memory immune responses (B-cell class switching and recruitment of 

Treg cells). The M2b phenotype has characteristics of both M1 (MHCII, 

CD86) and M2 (IL-10high, IL-12low) phenotype. When M2b macrophages 

stimulate T cells they are inclined towards a Th2 response (Filardy  et al., 

2010), which suggests that they may be a potential regulator of the M2 

response in general.  

 

Along the last years it seems clear that this classification sometimes is very 

simplistic and not valid. In fact, microglia and macrophage often show mixed 

phenotypes indicative of their plasticity nature and their ability to acquire multiple 

activation phenotypes in response to local environmental signals and dynamic 

changes in the inflammatory milieu (Sica and Mantovani et al., 2012). 

Recent data in TBI revealed that there was a transient increase in expression of 

M2-like microglia, mostly with TGF-β expression, in the acute phase after injury that 

was replaced with the persistent and predominant M1-like microglial phenotype, 

with iNOS and IL-12, at delayed time point (Kumar et el., 2016). Similar activation 
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of microglia and macrophages in spinal cord injury (SCI) and other TBI models were 

also reported (Kigerl and Gensel et al., 2009; Wang et al., 2013). 

 

 

 

 

Figure 2.  Microglial polarization after TBI. 

M1-like and M2-like activation states that can have distinct roles in neurodegeneration and tissue 

repair. M1-like microglia are characterized by upregulated expression of phenotypic protein markers 

such as IL-1β, TNFα, IL-6, iNOS, and IL-12p40. They release pro-inflammatory cytokines, 

chemokines and free radicals that impair brain repair and contribute to chronic neuroinflammation, 

oxidative stress and long term neurological impairments. In contrast, M2-like microglia upregulate 

protein markers such as CD206, CD163, FCγR, arginase 1, Ym1, and TGFβ. M2-like microglia 

release antiinflammatory cytokines, neurotrophic factors and proteases, and they have increased 

phagocytic activity. M2-like microglia promote immunosuppression and resolution of M1- mediated 

neuroinflammation, and participate in CNS remodeling and repair by modulating neurorestorative 

processes such as neurogenesis, angiogenesis, oligodendrogenesis and remyelineation. Extracted 

from Loane and  Kumar et al., 2016. 
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 Astrocytes in TBI 

In addition to microglia, astrocytes also respond to injury by morphological changes 

(extension of processes and swelling of cell bodies), by upregulation of intermediate 

filament proteins such GFAP (glial fibrillary acidic protein), by increased proliferation 

and by production-releasing of inflammatory cytokines and growth factors 

(Zamanian et al., 2012; Paintlia et al., 2013). In the mouse CCI model of TBI, 

reactive astrocytes are detected in the lesional and peri-lesional area at 3dpi 

showing the highest morphological changes associated with scar formation at 7dpi 

(Villapol et al., 2014). Reactive astrocytes are observed up to 60 days after in injury 

in this model indicating continued response of astrocyte after TBI. The role of 

reactive astrocytes in this injury model has be defined as both neurodegeneration 

and neuroprotective context. In a mouse model of moderate CCI, deletion of 

proliferating reactive astrocytes lead to neuronal degeneration and increased 

inflammation, suggesting the critical role of astrocytes in maintain neuronal survival 

after moderate TBI (Myer et al., 2006). However, after rat fluidic percussion injury 

(FPI), the suppression of proliferating astrocytes resulted in reduced neuronal 

degeneration associating with low scar formation, microglia activation and 

eventually improvement in cognitive outcome (Di Giovanni S and Movsesyan  et al., 

2005).  

As already commented, one of the principal functions of astrocytes in TBI is the 

formation of the glial scar. This glial scar is comprised of, largely astrocytes, but also 

microglia, endothelial cells, fibroblast and extracellular matrix (Silver and Miller et 

al., 2004). The function of the scar is to enclosed the injured area for further damage 

by preventing leakage of toxic molecules into healthy tissue and also to prevent 

migration of cells into and out of the injured area (Ribotta, Menet and Privat et al., 

2004). In addition to this protective role, the scar also show inhibitory effects on the 

regrowth and axonal regeneration Ribotta, Menet and Privat et al., 2004), indicating 

that this scar formation after injury can have both beneficial and detrimental effects. 

 

 Immune peripheral cells 

 Neutrophils 

Neutrophils are the principal peripheral immune cells initially recruited into the site 

of injury after TBI. Neutrophils are apparent in subarachnoid space and large blood 

vessels within hours after injury, then they migrate from damaged vasculature into 

parenchyma, becoming predominant cell type by 24hpi (Gyoneva and Ransohoff  et 

al., 2015; Jin and Ishii et al., 2012). Neutrophils have numerous toxic substances 

namely lysosomal enzymes such as myeloperoxidase, reactive oxygen species 

(ROS) and reactive nitrogen species (NOS), cytokines and chemokines (Liu Yang-

https://www.ncbi.nlm.nih.gov/pubmed/?term=Gyoneva%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ransohoff%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
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Wuyue et al., 2108 ). Neutrophils augment pathological tissue damage by producing 

and releasing pro-inflammatory cytokines and chemokines such as TNF-α, IL-1β 

and IL-8, which amplify the recruitment and activation of more neutrophils to the site 

of injury through upregulated endothelial adhesion molecules (Liu Yang-Wuyue  et 

al., 2108). Production of free radicals of recruited neutrophils resulting from brain 

trauma alters the structure and function of cell membranes leading to increased 

vasogenic permeability and eventually increased in cerebral edema formation 

(Kenne and Erlandsson et al., 2012). However, some studies indicated that 

inhibition of neutrophil recruitment, by blocking adhesion molecules such as anti-

CD11b and anti-ICAM-1 antibodies, reduced the neutrophil recruitment after TBI but 

has no effect on lesion size and neuronal deficit (Knoblach and Faden et al., 2002;  

Carlos and Clark et al., 1997; Weaver and Branch et al., 2000). In contrast, 

experiments using the CXCR2 KO mice, showed a reduction in neutrophil 

infiltration, associated with reduction in lesion volume and cell death after TBI, 

suggesting a beneficial effect of inhibition of neutrophil recruitment (Semple et al., 

2010). 

 

Monocytes 

Monocytes are peripheral immune cells that generate and develop in the bone 

marrow constantly, circulate in the blood flow and migrate into damaged or 

infectious tissue where they are differentiated into tissue macrophages or dendritic 

cells. Monocytes are a heterogeneous population, with two major subsets in the 

peripheral blood, based on the differential expression level of Ly6C marker and 

chemokine receptor CCR2. “Inflammatory” monocytes expressing Ly6Chigh 

CCR2high CX3CR1low  and “patrolling or circulating” monocyte identified as 

Ly6ClowCCR2lowCX3CR1high (Mildner and  Marinkovic et al., 2106). 

Chemokine receptor-CCR2 mainly expressed in the subset of inflammatory 

monocytes (CD45high Ly6Chigh ) is responsible for mobilization of monocytes out of  

bone marrow and migration into peripheral tissues, including the brain under 

pathological  situations. (Gyoneva and Ransohoff et al., 2015). Chemokine 

receptor-CCR2 link to CCL2 (known as monocyte chemoattractant protein-1 MCP-

1), CCL7, CCL8, CCL12 in mice and CCL13 in humans. (Gyoneva  and  Ransohoff  

et al., 2015). There is strong evidence about CCL2/CCR2 signalling pathway 

mediating acute inflammation cascade and exagerate secondary tissue damage 

after traumatic brain injury (TBI). In fact, Ly6Chigh inflammatory monocytes 

preferentially are recruited to the site of injury mainly based on the CCL2/CCR2 

signalling-dependent fashion ( Semple, Bye and Rancan et al., 2009; Chu  et al., 

2014). 

After brain injury, Ly6Chigh inflammatory monocytes follow chemokine gradient, 

being recruited to the damaged brain, and differentiate into macrophages. 

Monocytes become the predominate cell type in the tissue damage at 3-5 days after 

injury (Soares et al., 1995; Gyoneva and Ransohoff et al.,  2015). Monocyte-derived 

https://www.asmscience.org/search?value1=Alexander+Mildner&option1=author&noRedirect=true
https://www.asmscience.org/search?value1=Goran+Marinkovic&option1=author&noRedirect=true
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gyoneva%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ransohoff%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gyoneva%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ransohoff%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.262
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.262
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.262
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gyoneva%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ransohoff%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
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macrophages and activated resident microglia posses similar phenotypically and 

functionally characteristics. Activated microglia acquire an amoeboid morphology 

resembling the round phagocytic shape of monocyte-derived macrophages, making 

difficult to distinguish correctly between activated microglia and macrophages. 

However, accumulating data have revealed that these two cell types are distinct and 

showing some differences. For instance, microglia and macrophages have different 

origins, microglia are originated from the primitive ectoderm of the yolk sac, while 

hematopoietic stem cells are the origin for macrophages (Ginhoux and Greter  et 

el., 2010). In addition, gene expressing profile studies demonstrate difference 

between these two cell types (Butovsky and Jedrychowski et al., 2104), suggesting 

that it may have different functions and roles after injury (Yamasaki and Butovsky 

et al., 2104). So that, in mice model of TBI, microglia cells are observed as first 

innate immune cells at the site of injury associating with phagocytosis in acute 

phase of injury, whereas macrophages appeared at later. Regardless of these  

differences,  to date it is difficult to differentiate  functions and roles of microglia and 

macrophage.   

 

 

T cells 
 
T cells constitute cellular mediators of the adaptive immunity, originated from 

hematopoietic stem cells and developed into the thymus (Reiner et al., 2009). T 

cells are classified into various subsets, cytotoxic, helper, or regulatory 

lymphocytes, based on their effector functions and molecular phenotype (Zhu and  

Yamane  et al., 2010; Zhang and Bevan et al., 2011). Animal and human studies 

provide evidence that T cells migrated into the injured brain after TBI,  during both 

acute and chronic phases (Jin and Ishii et al., 2012; Holmin and Soderlund  et al., 

1998; Dressler et al., 2007). After controlled cortical impact (CCI) T cells increase 

in the brain parenchyma at 3-5 days after injury reducing after that at 7 days of TBI 

(Jin and Ishii et al., 2012). In general the number of T cells into the brain after trauma 

is fewer than neutrophils and macrophages. However, to date, there are few studies 

about the exact role of T cells after TBI. Some studies demonstrate that T cells 

exacerbated the posttraumatic tissue damage (Clausen and Lorant et al., 2017). 

Moreover, transferring of effector CD4+ T cells adoptively into T and B cell-deficient 

(recombination-activating gene 1(RAG1) knockout mice) exacerbated lesion size 

and apoptosis after brain injury (Fee  and Crumbaugh et al., 2003). In contrast, 

depletion of Tregs in a CCI model of TBI, lead to higher infiltration of T cells to the 

injured brain parenchyma associated with enhanced IFN- δ expression and 

exaggerated reactive astrogliosis (Krämer  and Hack  et al.,  2019). Further research 

and investigation, specially determining the subtype of T-cells present in the brain 

parenchyma, is needed to clarify the exact role of T cells in the acute and chronic 

phases after TBI. 
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Blood Brain Barrier  

 
The breakdown in blood-brain barrier (BBB) integrity is observed in different 

disorders such as ischemia (Yang C et al., 2018 ), Alzheimer  (Zlokovic et al.,  2011), 

multiple sclerosis (Kirk  and Plumb et al., 2003 ) and TBI (Habgood et al., 2007;  

Povlishock et al., 1978). 

After experimental brain trauma, vascular permeability is increased leading to brain 

edema and a complex sequence of inflammatory cascades (Povlishocket et al., 

1978; Dietrich et al., 1994; Habgood et al., 2007). Alterations in BBB permeability 

may contribute to secondary brain injury by the abnormal passage of blood 

substances into the brain parenchyma that influence neuronal vulnerability (Stahel 

and Shohami et al., 2000; Lucas et al., 2006). BBB disruption has been 

demonstrated in the acute phase in several animal models of TBI, but the temporal 

course of this disruption is unclear. Some studies suggest a short term permeability 

of the BBB following injury which is resolved within hours (Habgood et al., 2007;  

Povlishock et al., 1978). Studies in TBI suggest a more dynamic biphasic course of 

BBB disruption, with an acute phase around 3–6 hours post injury and a later phase 

at 4 days post injury (Habgood et al., 2007). 

In addition to the reports in animal models of TBI, evidence of acute BBB disruption 

has been described in TBI patients by increased serum albumin in cerebral spinal 

fluid (Stahel et al., 2001; Saw et al., 2014). Findings related to BBB breakdown after 

TBI suggests that   vascular damage induced by trauma leads to migration of 

circulating leukocytes into the brain parenchyma   (Soares et al., 1995; Schoettle et 

al., 1990) which may affect the  microglial activation, an important component of the 

inflammatory response to injury and a source of a variety of chemokines and 

cytokines (Lu  et al., 2001; Block et al., 2007). 

 

 

 Production of immune mediators 

Cytokines are members of a large group of endogenous proteins and polypeptides. 

They are able to mediate a wide range of biological activities such as proliferation, 

differentiation and immune and inflammatory process. Cytokines normally are 

produced in the low or undetectable levels in the health tissue but rapidly 

upregulated after pathological conditions, such as TBI. Inflammation is activated 

after brain trauma and mediated by cytokines production secreted from activated 

microglia and recruited peripheral immune cells. Cytokines are considered as a 

potential key for secondary tissue damage (Dalgard et el., 2012; Mukherjee et al., 

2011). 

Several pro-inflammatory and anti-inflammatory cytokines have been reported after 

TBI (Dalgard et el., 2012; Mukherjee et al., 2011).  Pro-inflammatory cytokines, in 

particular IL-1β and TNF- α have a key role in initiating and regulation of cytokines 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20C%5BAuthor%5D&cauthor=true&cauthor_uid=30379577
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=44009&d=1&sname=CliftonDalgard&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=44009&d=1&sname=CliftonDalgard&name=Science
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cascade during inflammatory response. Tumour necrosis factor-α (TNF-α) 

expression appeared in high level very early, within the first 4 hours,  in the cortical 

injured tissue and remain elevated for 24h after injury (Dalgard  et el., 2012;  Harting 

and Jimenez et al., 2008). Similar temporal expression profile is observed for 

interleukin -1β (IL-1β) (Dalgard et el., 2012). TNF-α and IL-1β have been defined as 

potential contributors for secondary tissue damage. They are predominantly 

produced by activated microglia and astrocytes in response to trauma (Shohami E. 

et al.,1997). Interestingly, these two proinflammatory cytokines act synergistically to 

induce enhanced neurotoxic effect, suggesting the crucial role of these two 

cytokines in mediating of neuroinflammation and secondary tissue damage (Allan 

and Rothwell et al., 2001; Chao et al., 1995). 

Chemokines are a large subgroup of cytokines family, defined as chemotactic 

cytokines. They regulate the leukocyte activation and migration to the site of injury. 

Chemokines and their receptors are also expressed in the CNS by glial cells and 

neurons.  Chemokines can be divided into four groups based on the presence of 

positionally conserved cysteine residues in their primary structure: XC, CC, CXC, 

and CX3C chemokines. Several chemokines and their receptors have been 

examined in the context of TBI. Particularly, Interleukin-8 (IL-8) or macrophage 

inflammatory protein-2 (MIP-2) in rodents, is a potent chemotactic factor for 

neutrophils which contribute to secondary brain injury (Dalgard et el., 2012; 

Mukherjee et al., 2011). 

Monocytes chemoattractant protein (MCP-1), know also as CCL2, is one of the 

initial chemokine that significantly upregulated early after lesion (Dalgard et el., 

2012). CCL2/CCR2 signalling pathway drive acute inflammation response after TBI, 

indicating a role for CCL2 in development of neuropathology after injury ( 

Semple, Bye and Rancan et al., 2009). In the CNS the main source of CCL2 

production after injury are glial cells (Rankine et al., 2006).  

 

Interleukin -10 (IL-10) 

Interleukin-10 (IL-10) is one of the main crucial immunoregulatory cytokine in the 

periphery where it has been linked with an anti-inflammatory function (Couper et al., 

2008; Moore et al., 2001). In the CNS, IL-10 expression has been described 

upregulated after a wide variety of neuroinflammatory situations including traumatic 

brain injury (Kamm et al., 2006), middle cerebral artery occlusion (MCAO) (Zhai et 

al., 1997), excitotoxicity (Gonzalez et al., 2009), Alzheimer’s disease (Apelt and 

Schliebs, 2001), multiple sclerosis (Hulshof et al., 2002) and its experimental animal 

model, experimental autoimmune encephalomyelitis (EAE) (Ledeboer et al., 2003). 

Moreover, IL-10 has been detected in the cerebrospinal fluid of patients with severe 

brain injury (Csuka and Morganti-Kossman et al., 1999) and in experimental brain 

injured rats (Kamm et al 2006). Microglia and astrocytes are the main sources of IL-

10 production in the CNS.  

http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=44009&d=1&sname=CliftonDalgard&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=44009&d=1&sname=CliftonDalgard&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=44009&d=1&sname=CliftonDalgard&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=44009&d=1&sname=CliftonDalgard&name=Science
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.262
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.262
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.262
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.262
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Expression of IL-10 receptor (IL-10R) has been shown in neurons and glial cells 

including microglia, astrocytes and oligodendrocytes in both basal conditions and 

after injury (Ledeboer et al., 2002; Norden et al., 2014; Gonzalez et al., 2009; 

Cannella and Raine et al., 2004). Administration of IL-10 has been found to 

suppress microglial and astroglial activation, as well as decrease in production of 

proinflammatory cytokines (Lodge et al., 1996; Balasingam et al., 1996; Bethea et 

al., 1999) and leukocyte infiltration (Ooboshi et al., 2005).  Furthermore, IL-10 

showed a neuroprotective function after traumatic brain injury, excitotoxicity and 

MCAO among others (Arimoto et al., 2007; Bachis et al., 2001; Brewer et al., 1999; 

Knoblach and Faden, 1998; Ledeboer et al., 2000; Molina-Holgado et al., 2001;  

Ooboshi et al., 2005; Park et al., 2007; Spera et al., 1998; Xin et al., 2011). Notably, 

the route of administration of IL-10 seems essential for protection. Thus, after acute 

injuries such as spinal cord excitotoxicity or traumatic brain injury, intraspinal or 

intracerebroventricular IL-10 administration worsens disease (Brewer et al., 1999) 

or has no effect (Knoblach and Faden, 1998), whereas systemic administration 

improves the functional outcome of lesions (Brewer et al., 1999; Knoblach and 

Faden, 1998). 
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Objectives 

 

 

Neuroinflammation is one of the crucial processes associated with the secondary 

injury and thus with the neurodegeneration after traumatic brain injury. This process 

includes glial cell activation, proinflammatory cytokines secretion, leukocyte 

recruitment and blood-brain barrier damage. Interleukin-10, a cytokine with anti-

inflammatory and immunosuppressive properties negatively modulates 

inflammatory cascades at multiple levels. Based on this evidence, we hypothesize 

that IL-10 attenuates neuroinflammatory process after TBI reducing the secondary 

injury and inducing an improvement in the neuronal outcome.  

 

The specific purposes of the current study were: 

 

1-To determine the putative influence of astrocyte-targeted IL-10 production on 

neuronal degeneration associated to TBI. 

2-To elucidate the influence of astrocyte-targeted IL-10 production on glial 

responses associated to TBI. 

3-To characterize the effect of astrocyte-targeted IL-10 production on infiltration of 

peripheral immune cells such as neutrophils, monocytes and T cells. 

4-To asses the impact of astrocyte-targeted IL-10 production on BBB permeability. 

5-To analyse the possible changes that astrocyte-targeted IL-10 production induces 

on the cytokine-chemokine profile associated to TBI. 
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                                                Methodology 

 
 
 
   

Animals 
 
Adult transgenic (GFAP-IL10Tg) mice and their corresponding Wild type (WT) 

littermate between four - five months old of both sexes were used in this work. 

GFAP-IL10Tg mice have been designed, created and characterized by our group 

(Almolda et al., 2015). All animals were maintained and housed in their home cages 

at an appropriate temperature (24±2) with 12 hour light-dark cycle and ad libitum 

access to water and food.  

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 European Union directives (86/609/CEE, 91/628/CEE and 

92/65/CEE) and was approved by the Ethical Committee of the Autonomous 

University of Barcelona. 

 

 
Cryogenic brain injury  

Wild type (WT) and transgenic (GFAP-IL10Tg) mice were anesthetized with an 

intraperitoneal injection of Ketamine (80 mg/Kg) and Xylazine (20mg/Kg) at dose of 

1ml/gr per animal. Head of animals was shaved and skin cut to exposed the skull. 

The cryogenic lesion was performed on the right parietal skull, 2.5mm posterior and 

2.5mm lateral from Bregma (Figure 3). A metal device having caoutchouc holder 

with a tip diameter of 2 mm were kept in liquid nitrogen (-196°C) and placed on the 

target point for 60 seconds contact time. Wounds were closed by standard skin 

suture (Laboratory Arago.S.L-6/0) and disinfected by iodine solution. Lesioned 

animals were placed in the warmer pad for recovery and returned to their home 

cage until sacrifice at 24 hours post-injury (hpi), 3 and 7 days post-lesion (dpi). Non 

lesioned (NL) animal of each group received the same anesthesia and surgical 

operation procedure but without trauma. 
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Figure 3.  Focal brain lesion 
coordinates from bregma: 2.5 mm 
posterior and 2.5 mm lateral in which 
the cryogenic brain injury was 
performed (arrow). 
 

 

 

 

Experimental groups  

Non lesioned (NL) and lesioned animals were distributed in different experimental 

groups and analyzed at 24 hours, 3 and 7 days post-lesion (hpi, dpi) 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 for 

flow cytometry and 19 WT and 19 GFAP-IL10Tg for protein analysis.  

 

Tissue processing for histological analysis     

At the corresponding time-points, TBI-lesioned animals were anesthetized deeply 

with the same Ketamine (80 mg/Kg) and Xylazine (20mg/Kg) solution describe 

above, but at 1.5 ml/gr per animal dose and intracardially perfused with 4% 

paraformaldehyde buffer (4%PFA in Tris-buffer saline 0.1M pH 7.4 (TBS)) for 10 

minutes. Intact brain of each animal was quickly removed and post-fixed in the same 

fixative solution for 4 hour at 4 ℃. Then brains were washed with cold phosphate 

buffer  (TF 0.1M) and cryo-protected with 30 % sucrose solution in 0.1M phosphate 

buffer for 48h at 4℃ . Brains were frozen in cold 2- methyl butane (-55 to -60 ℃) 

(320404, Sigma-Aldrich, St. Louis) and stored at -20 °C. Stored frozen samples 

were cut into 30µm parallel coronal sections by cryostat (CM 3050S Lecia) (Figure 

4) mounted on the SUPERFROST® PLUS slides, dried in the oven at 37℃ for 6 

hours and stored at -20℃ until used. 
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Figure 4. Cryostat device. 

 

 

Toluidine blue Staining  
 
One series of NL and lesioned (24hpi, 3dpi, 7dpi) WT and GFAP-TgIL10 animals 

were dried for 6h at RT and incubated in toluidine blue solution (0.1% toluidine blue 

diluted in acetate Walpole buffer (0.05M, pH 4.5)) for 1 minute at RT. After that, 

slides were washed with distilled water and dehydrated by graded alcohol (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 (24hpi, 

3dpi, 7dpi) were dried for 6h at RT, dehydrated by ethanol 100% (2x1ˈ), rehydrated 

sections by dipping in graded ethanol 70%, 50% and finally in distilled water. After 

incubating in potassium permanganate oxidant solution for 15 minutes at RT (0.06 

gr Mno4K solved in 100ml d.H20), sections  were  rinsed in dH20 and incubated in 

0.01% Fluoro-Jade B (FJ-B) solution for 20 min at RT. For making FJ-B stock 

solution, 96 ml dH20, 1 ml glacial acetic acid and 4ml Fluoro-jade solution were 

mixed. Finally stained sections were washed with dH20, dried and dipped in xylene 

and cover slipped with histology mounting. 

 

Degenerating Neurons quantification  
 

In order to study the number of degenerating neurons after TBI in WT and GFAP-

IL10Tg animals, sections labelled with FJ-B were analysed for all time points. A 

minimum of nine WT and nine GFAP-IL10Tg animals were used. A total of 20 

photographs from a minimum of five sections per animal including the degeneration 

neurons located in the penumbra were captured by using the 10x objective with a 

DXM 1200F Nikon digital camera joined to a brightfield Nikon Eclipse 80i 

microscope, using the ACT-1 2.20 (Nikon corporation) software. By means of 

analySIS®, the total number of degenerating FJ-B+ neurons were quantified. Data 

were expressed as FJ-B+ cells per section.  
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Lesion size quantification  
 
In order to evaluate the size of lesion, we used the sections stained with FJ-B. A 

minimum of eight WT and eight GFAP-IL10Tg animals at 24hpi, 3 and 7dpi after 

TBI were analyzed.  A minimum of five sections per animal, containing the 

degeneration neurons, were analyzed. Photos of each section were captured using 

the 2x magnification with a DXM 1200F Nikon digital camera joined to a brightfield 

Nikon Eclipse 80i microscope, using the ACT-1 2.20 (Nikon corporation) software. 

Before quantification all photos of the same section were merged together in a 

unique photo by Photoshop® CC software. For each final photo, the volumen of the 

total ipsilateral hemisphere and the lateral ventricle of the affected area were 

measured by using analysis® software. To determine the correct affected area, and 

delete the brain swelling or edema, the volume of the lateral ventricle was deducted 

from the ipsilateral hemisphere for each section. Volume of affected area for each 

section was then calculated by multiplying section thickness by the number of series 

and the corrected quantified affected area. Total affected volume of each animal 

were obtained by averaging all sections volume of the affected area. Coronal 

section corresponding to -0.38mm distance from Bregma (area were 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, microglial activation, morphology and distribution were analysed using 

Iba1 (Ionized calcium binding adaptor molecule), microglia cell density with Pu.1 

(myeloid cell transcription factor), microglial proliferation with phosphohistone 3 

(pH3), microglia phagocytosis with CD68 (lysosome-associated glycoprotein), 

antigen presenting activity with MHC-ll (major histocompatibility complex-class ll), 

astrocytes reactivity with GFAP (Glial fibrillary acidic protein), neutrophil and 

lymphocytes recruitment by MPO (myeloperoxidase) and CD3 (cluster of 

differentiation 3), respectively, and finally IgG (serum protein) for the analysis of the 

BBB permeability (Table1). 

In all cases, sections were washed with TBS (0.05 M, pH 7.4) and TBST 0.1% (pH 

7.4) and incubated in 70% methanol + 2% H2O2 for 10 minutes, to blocked the 

endogenous peroxidase reactivity. Then, sections were incubated with blocking 

buffer (BB) containing TBST 0.1% + 10ml FBS+0.3% BSA for 1h at room 

temperature (RT). In case of Pu.1, sections were firstly treated with antigen retrieval 

solution, containing sodium citrate buffer (pH 8.5, at 80℃ for 40′). Subsequently, 

sections were incubated overnight at 4℃ followed by an hour 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.  



                                          

26 
 

Then, sections were rinsed with TBST 0.1% and incubated with corresponding 

biotinylated secondary antibody for 1h at RT.  After washing with TBST 0.1%, 

sections were incubated with horseradish peroxidase conjugated streptavidin 

diluted in the same BB for 1h at RT. Finally after washing with TBS and TB the 

immune reaction were visualized incubating sections with by 3,3-diaminobenzidine  

(DAB) solution (90ml TB+0.05gr DAB powder+33𝜇𝑙 H2O2). Sections were 

dehydrated in graded alcohols, treated with xylene and coversliped with histology 

mounting media.  

 

 
 
Densitometric Analysis 
 
To study microglial and astrocyte reactivity, quantitative analysis of sections stained 

with Iba1, CD68, MHC-ll and GFAP were performed. For each 

immunohistochemistry, a minimum of five TBI-lesioned WT and five TBI-lesioned 

GFAP-IL10Tg animals at 24hpi, 3 and 7dpi, as well as four NL WT and four NL 

GFAP-IL10Tg animals were analyzed. Five sections from each animal and time-

point including two areas of interest, namely lesioned core and peri-lesional part 

(PLP) (Figure 3), were analyzed. Three photos of each section were captured at 

20x magnification with a DXM 1200F Nikon digital camera joined to a brightfield 

Nikon Eclipse 80i microscope, using the ACT-1 2.20 (Nikon corporation) 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 

calculated by multiplying the percentage of area and the intensity of 

immunolabeling.  

 

 

 

Figure 5. 

Scheme illustrating the lesioned core 

(dark yellow) and peri-lesional part 

(PLP) (light yellow). Adapted from 

Perego et al., 2011. 
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For microglial cell density quantification, 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 analysed. 

A minimum of five sections from each animal including both the lesioned core and 

the PLP part were analysed. Three photo of each section were captured with 10x 

magnification using the same device and software specified above. The number of 

Pu.1+ nuclei was obtained by “Automatic Cell Counter” (ITCN) plug-in from NIH 

Image J software (Wayne Rasband, National Institutes of Health, USA). Data were 

expressed as cells/mm2. 

 

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 24hpi, 3 and 7dpi. 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 the 20x objective. Data were averaged and 

expressed 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 different sections of each animal were studied. A minimum of 

three photos of each section were captured by 20x magnification with a DXM 1200F 

Nikon digital camera joined to a brightfield 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 immunolabelled 

with CD3 at 3 and 7dpi after TBI. At least five WT and five GFAP-L10Tg animals  

were analyzed. A minimum of five different sections of each animal were 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 24hpi and 3dpi. At least five sections of each animal 

immunolabeled with IgG were studied. Each section were captured by 2x 

magnification at all time points and the area occupied by the IgG staining was 

measured. Data was averaged and expressed as μm3. 
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Table 1. List of antibodies and reagents used for immunohistochemistry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
. 
 

 

      

Primary antibody Iba1 Rabbit 1:1000 019-19741 Wako 

 Pu1 Rabbit 1:400 2258S Cell Signalling 

 pH3 Rabbit 1:3000 06-570 Millipore 

 MPO Rabbit 1:100 9535 Abcam 

 CD68 Rat 1:1000 MAC 1957 BIO-RAD 

 GFAP Rabbit 1:500 Z0334 Dako 

 GFAP Mouse 1:100 G3893 Sigma-Aldrich 

 IL-10R1 Rabbit 1:50 Sc-985 Santa Cruz 

 CD11b Rat 1:100 MCA711G AbD Serotec 

 CD3 Hamster 1:250 MCA2690 AbD Serotec 

 MHC-ll Rat 1:25 TIB-120 Hybridoma supernatant 

ATCC 

Secondary antibody Biotinylated Rabbit 1:500 BA-1000 Vector Laboratories 

 Biotinylated  Rat 1:500 BA-4001 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 S21381 Life Technologies 

Streptavidin-Alexa Fluor 488   1:500 S11223 Invitrogen 

DAPI   1:10,000 9542 Sigma -Aldrich 
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Double Immunofluorescence 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 using anti-rabbit 

Alexa -Fluor® 555 conjugated antibody as a secondary antibody. Then, sections 

were washed with TBST 0.1% and incubated for 1 h at RT in BB and incubated with 

anti-rat CD11b diluted in BB overnight at 4℃ followed by and one more hour at RT. 

Afterwards, sections were washed with TBST 0.1% and incubated with biotinylated 

anti-rat secondary antibody for 1h at RT and with Alexa-Fluor® 488 conjugated  

streptavidin diluted in BB for an 1h at RT. At the end, sections were washed with 

TBST 0.1%, TBS and TB.  

 

To determine IL-10R1 colocalization with astrocytes, double immunofluorescence 

using IL-10R and GFAP was performed. First, sections were dried 6h at RT, washed 

with TBS and TBST 0.1% and incubated for 1h at RT with the blocking buffer 

solution 2 (BB2), containing 0.2% gelatin (powder food grade, 104078, Merck, 

Burlington, Massachusetts, USA) in TBST 0.1%. Then sections were incubated with 

anti-rabbit IL-10R1 antibody for 48h at 4℃ followed by one more hour at RT. After 

washing with TBST 0.1% sections were incubated with biotinylated anti-rabbit 

antibody diluted in BB2 for 1h at RT. Then sections were washed with TBST 0.1% 

followed by incubation with Alexa-Fluor® 555 conjugated with streptavidin diluted in 

BB2 for 1h at RT. Sections were then washed with TBST 0.1% and incubated with 

BB containing 90 ml TBST 0.1%+10ml FBS+0.3gr BSA for 1h at RT. Experiment 

was followed by incubation with anti-mouse GFAP diluted in BB overnight at 4℃ 

followed by one more hour at RT. Subsequently, sections were washed with TBST 

0.1% and incubated with anti-mouse Alexa Fluor® 488 diluted in BB for 1h at RT.  

All double labelled sections were stained with 4,9,6‐diamidino‐2‐phenylindole 

(DAPI) diluted in TB for 10 min, before being cover-slipped with Fluoromount G™ 

(0100‐01; SouthernBiotech, 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 populations, in NL and TBI-

lesioned animals (at 24hpi 3 and 7 dpi) were analyzed using flow cytometry as 

previously described (Almolda, Costa, Montoya, Gonzalez, & Castellano, 2009). 
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Briefly, anaesthetized animals were intracardially perfused for 1 min with 0.1M 

phosphate buffer solution (PBS), the brain removed and the cortex was quickly 

dissected out. In order to obtain a cell suspension, samples were dissociated 

through 140 µm and 70 µm meshes and digested for 30 min at 37ºC using type IV 

collagenase (17104-019, Life Technologies) and DNAsa I (D5025, Sigma). 

Subsequently, each cellular suspension was centrifuged at RT for 20 min at 

2400 rpm in a discontinuous density Percoll gradient (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 plus 2% serum and the Fc receptors 

were blocked by incubation for 10 min at 4ºC in a solution of purified CD16/32 diluted 

in PBS plus 2% serum. Afterwards, cells were labeled for 30 min at 4ºC with the two 

following combinations of surface antibodies: 1) anti-CD11b-PE-Cy7, anti-CD45-

PerCP, anti-CCR2- PE, anti-ly6c -FITC, and anti-F4/80 APC-Cy7; 2) anti-CD11b-

PE-Cy7, anti-CD45-PerCP, anti-TREM2-PE, and anti-CD68-APC (Table 2). In 

parallel, isotype-matched control antibodies for the different fluorochromes (BD 

Pharmingen) were used as negative control and a cell suspension of splenocytes 

as positive control. Data were extrapolated as number of cells using Cyto CountTM 

fluorescent beads, following the manufacturer’s instructions (S2366, Dako 

Cytomation). Finally, cells were acquired using a FACS Canto flow cytometer 

(Becton Dickinson, San Jose, CA) and results analyzed using the FlowJo® 

software. The analysis was performed separately for each animal without any 

pooling. 

 

Table 2. List of antibodies used for the flow cytometry analysis. 

 

 

Target antigen  Format       Dilution       Cat 

number       

Manufacture 

Fc 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 

Biosciences 

 CCR2 PE 1:400       150609 Biolegend 

 CD68 APC 1:400 137007 Biolegend 

 TREM2 PE 1:400 FAB17291P R &D 

Company 

 Ly6c FITC 1:400 553104 BD 

Biosciences 

 F4/80 APC-Cy7 1:400 123117 Biolegend 
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Tissue processing for protein analysis 

Animals used for protein analysis were anesthetized with an intraperitoneal injection 

(i.p) of Ketamine (80 mg/Kg) and Xylazine (20mg/Kg). Anesthetized animals were 

perfused with pre-cold phosphate buffered saline  (0.1M, Ph 7.4) PBS for 1 min. 

Then the ipsilateral part were dissected and snap frozen individually in liquid 

nitrogen and stored at -80ºC. Total protein was extracted by solubilisation of 

samples on lysis buffer containing 25mM HEPES, 2% Igepal, 5mM MgCl2, 1.3mM 

EDTA, 1mM EGTA, 0.1M PMSF and protease (1:100, P8340, Sigma Aldrich) and 

phosphatase inhibitor cocktails (1:100, P0044, Sigma Aldrich) for 2 hours at 4ºC. 

After solubilisation, samples were centrifuged at 13000 rpm for 5 min at 4ºC and the 

supernatants collected. Total protein concentration was determined with a 

commercial Pierce BCA Protein Assay kit (#23225, Thermo Scientific) according 

to manufacturer’s protocol. Protein lysates were aliquot and stored at -80ºC until 

used for ELISA and protein microarray analysis. The hippocampus from each 

animal was analyzed separately. 

 

Cytokine-Chemokines analysis  

The cytokines IL-1, TNF- α and IL-10 and the chemokines CXCL1 (KC/GRO) and 

CCL2 (MCP-1) were analyzed using a Milliplex MAP Mouse Cytokine/Chemokine 

kit (#MCYTOMAG-70K, Merck Millipore) according to manufacturer’s instructions. 

Briefly, 25 μL of each cortex extracts with a final total protein concentration of 3 

μg/μL were added to the plates, along with the standards in separate wells, 

containing 25 μL of custom fluorescent beads and 25 μL of matrix solution, and 

incubated overnight at 4ºC in a plate-shaker (750 rpm). After two washes with wash 

buffer (1x), the plate was incubated with 25 μL of detection antibodies for 30 min at 

RT followed by incubation with 25 μL 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 μL of Drive fluid was added. 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. 

 
 

Statistical Analysis 

All experimental values were expressed as mean values ± standard error of the 

mean (SEM). Graph Pad Prism®6 software were used for statistical analysis. Two-

way ANOVA test with the Fisher’s Test as a post-hoc test two compare among the 

groups.  
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                                    Results 

1. Transgene-encoded IL-10 does not make any changes in the brain cyto-

architecture. 

To detect possible alterations in the brain cyto-architecture induced by 

transgene-encoded IL10 production in the brain, a microscopic study of 

toluidine blue stained section was performed in both NL conditions and after 

TBI (Fig.6). Our analysis demonstrated no differences in the disposition and 

size of neuronal layers or the number of cells in the cerebral cortex between 

NL WT and NL GFAP-IL10Tg mice. After TBI, at 24hpi depleted area o neurons 

was observed in the lesion core surrounded by an area of neurons with 

pigmented nuclei, corresponding to the penumbra area. The number of cells in 

the lesion progressively increased from 3 to 7dpi, showing an area densely 

occupied by cells. No apparent differences between WT and GFAP-IL10Tg 

mice were found at any time-point analyzed in either the lesioned cavity or the 

penumbra areas (Fig. 6). 

 

Figure 6.  Toluidine blue staining. Representative images showing the toluidine blue staining 

of cortex in non-lesioned (NL) WT (a) and NL GFAP-IL10Tg animals (b). No detectable 

difference was observed in cortical cyto-architecture of NL WT and NLGFAP-IL10Tg.  After 

TBI, both WT (c-e-g) and GFAP-IL10Tg animals (d-f-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 24hpi to 7dpi. No differences were detected 

between WT and GFAP-IL10Tg animals at any time point studied. Scale bar=100µm. 

 

2. IL-10 upregulation showed a neuroprotective role at early time-points after 

TBI.  
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In order to study effect of IL-10 on neuronal degeneration, sections were 

stained with FluoroJade-B (FJ-B), a marker associated to degenerating 

neurons.  FJ-B+ neurons were observed in the area just surrounding the lesion 

cavity, in both WT and GFAP-IL10Tg mice, with a maximum number at 24hpi 

and progressively decreasing from 3 to 7dpi. Although the dynamics of FJ-B 

was similar in both experimental groups, a significant decrease in the number 

of FJ-B+ cells was reported in GFAP-IL10Tg at 24hpi and 3dpi when compared 

with WT (Fig. 7). 

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 animals at any time-point studied. 

 

Figure 7. Fluoro-Jade B staining. Representative images revealing neuronal degeneration 

within the area just surrounding the lesion cavity in WT (a-c-e) and GFAP-IL10Tg animals (b-

d-f). (g) Graph showing the quantification of FluoroJade-B (FJ-B)+ cells along the different 

time-points after TBI. Note that transgenic animals showed lower degenerating neurons in 

comparison to WT at 24hpi and 3dpi. (h, i, j) Graphs showing the quantification of lesion volume 

at 24hpi (a), 3dpi (b) and 7dpi (c) in both WT and GFAP-IL10Tg animals. No significant 

differences between WT and GFAP-IL10Tg animals were observed at any time points 

analyzed. Data are represented as mean±SEM. (*p ≤ 0.05). In WT; a indicates significance vs 

NL, b: indicates significance vs 24hpi. In GFAP-IL10Tg animals; a’ indicates significance vs 

NL, b’: indicates significance vs 24hpi. Scale bar=50µm. 

  

 

 

3. Microglial cell activation and morphology.  
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In order to assess whether differences in neuronal degeneration were 

associated to modifications on microglial activation, morphology and 

distribution along the different time points after TBI, the Iba.1 

immunohistochemistry was performed. 

Our analysis demonstrated significant differences between WT and GFAP-

IL10Tg animals in the expression levels of Iba1, as well as in the morphology 

of microglia/macrophages both in NL conditions and after TBI (Fig. 8). 

A significant increase in Iba1 labelling was found in GFAP-IL10Tg animals in 

NL conditions compared to WT. Moreover, while in WT animals microglial cells 

showed the typical ramified morphology, in the cortex of transgenic animals 

these glial cells showed an enlargement of the cell body and thicker processes.  

After TBI, we observed a progressive increase, from 3 to 7dpi, in the Iba1 

immunoreactivity in the two areas analyzed (lesioned core and PLP) in both 

WT and GFAP-IL10Tg mice. However, the dynamics in both areas and 

genotypes were different. In the lesioned core, WT mice showed a progressive 

increase in Iba1 labelling from 3 to 7dpi whereas in the PLP this increase was 

only seen at 3dpi and levels remained unaltered at 7dpi. In contrast, GFAP-

IL10Tg mice experimented an initial abrupt decrease of Iba1 expression at 

24hpi in the lesioned core that increased afterwards at 3 and 7dpi. When 

compared with WT, transgenic mice showed a lower Iba1 labelling at 7dpi in 

the lesioned core, but no modifications in the PLP area.  

To graphically represent the dynamics of microglial activation following TBI in 

both WT and GFAP-IL10Tg animals, the fold-changes with respect to the 

corresponding NL animals were calculated. This representation revealed that 

the upregulation of Iba1 with respect to its basal levels was less pronounced 

in GFAP-IL10Tg animals than in WT at all time-points analyzed. 
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Figure 8. Iba1 immunohistochemistry. Representative images from WT and GFAP-IL10Tg 

animals showing Iba1 immunoreactivity in the cortex of non lesioned (NL) (a-b), and in the 

lesioned core of TBI-injured animals from 24hpi to 7dpi (c-h). Graphs showing the 
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quantification of Iba1 immunoreactivity as the AI (Area ˣ Intensity) after TBI at lesioned core 

and PLP. Note that microglia in NL GFAP-IL10Tg animals (w, z) showed higher Iba1 

immunoreactivity than WT, associated with thicker and elongated morphologies (i, j). After TBI, 

a reduction of Iba labelling was observed in transgenic animals at 7dpi (w, z). Graphs showing 

the fold changes of Iba1 expression in comparison to the respective NL animals in WT (x, y) 

and GFAP-IL10Tg (a’, b’) animals in the affected area. GFAP-IL10Tg animals showed 

significant lower fold increase of Iba1 than WT in both lesioned core and peri-lesional part. All 

values corresponded to mean±SEM. Differences between WT and GFAP-IL10Tg animals are 

denoted by placing the appropriate p value above the two bars *p≤0.05. In WT animals; a 

indicates significant vs NL, b: indicates significant vs 24hpi, c: indicates significant vs 3dpi. In 

GFAP-IL10Tg animals; a’ indicates significant vs NL, b’: indicates significant vs 24hpi, c’: 

indicates significant vs 3dpi. Scale bar=50μm. 

 

In addition to variations in Iba1 immunolabelling, microglial activation was also 

associated with morphological modifications along the TBI lesion in both WT 

and GFAP-IL10Tg animals.  

After TBI, in the lesioned core, activated microglia in both genotypes displayed 

similar morphologies depending on the time post-injury. The characteristic 

ramified cells with low ramifications observed at 24hpi became foamy-amoebic 

forms at 3dpi and elongated cell nuclei with thick and short processes at 7dpi 

(Fig. 8).  

In the PLP part, microglia showed ramified morphologies at 24hpi, becoming 

bushy at 3dpi and elongated at 7dpi in both WT and GFAP-IL10Tg animals.  

No differences were found between WT and GFAP-IL10Tg animals in terms of 

microglia distribution or morphologies in either basal condition or after TBI. 

 

4. IL-10 induces an increase in microglial cell density in basal conditions and 

at 3dpi. 

 

In order to study the effects of astrocyte-targeted IL-10 production on 

microglial/macrophage cell density along the different time points in the 

lesioned core and peri-lesional part (PLP), the immunohistochemistry for the 

transcription factor Pu.1 (a specific myeloid marker) was performed. 

Our results showed a significant increase in the number of Pu.1 positive cells 

in NL GFAP-IL10Tg animals in comparison to NL WT animals (Fig. 9).  After 

TBI, both WT and GFAP-IL10Tg animals experimented a remarkable increase 

in the number of Pu.1 cells, but with some disimilarities in the dynamics. While 

in WT, a progressive increase of Pu.1 positive cells were observed from 3dpi 

reaching the maximal at 7dpi in the lesioned core, in GFAP-IL10Tg animals 

this increase showed the maximal at 3dpi and remained stable at 7dpi. 

Moreover, the number of Pu.1 positive cells was two-fold higher in GFAP-
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IL10Tg than in WT at 3dpi. Again, the representation of Pu.1 in terms of fold 

changes respect to their corresponding NL animals demonstrated that the 

upregulation of microglia/macrophage cell density was less pronounced in 

transgenic animals than in WT.  

In the peri-lesional part, WT animals showed an upregulation in the number of 

cells at 3dpi that remained stable at 7dpi. In contrast, GFAP-IL10Tg mice 

showed and initial decrease in the Pu.1 positive cells at 24hpi that was not 

observed in WT (Fig. 9). 

 

Fig 9. Pu.1 immunohistochemistry. Representative images showing the number of Pu.1 in the 

lesioned core of both WT (a-c-e and g) and GFAP-IL10Tg (b-d-f and h) animals. (j and l) Graphs 

showing the quantification of Pu.1+ cells of both WT and GFAP-IL10Tg in non lesioned and lesioned 

animals from 24hpi to 7dpi in the lesioned core (j) and peri-lesional part (k). Note that GFAP-IL10Tg 

animals showed higher number of Pu.1 + cells in NL and at 3dpi. (j,k,m,n) Graphs showing the fold 

change of Pu.1+ cells in WT (j, m) and GFAP-IL10Tg (k, n) in comparison to their NL animals. Note 

that in GFAP-IL10Tg mice the increase of Pu.1+ cells along the injury in less pronounced than in 

WT, specially at 7dpi in the lesioned core. All values are indicated as mean±SEM. *p ≤ 0.05. In WT 

animals; a indicates significance vs NL, b: indicates significance vs 24hpi, c: indicates significance 

vs 3dpi. In GFAP-IL10Tg animals; a’ indicates significance vs NL, b’: indicates significance vs 24hpi. 

Scale bar=30µm. 

 

5. Transgene-encoded IL-10 induces an inhibitory role in microglia 

proliferation. 
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In order to study whether changes observed in microglial cell density were 

related to modifications in proliferation, sections were labelled for phospho-

histone H3 (pH3) (cell proliferation marker). No pH3+ cells were found in NL 

WT and NL GFAP-IL10Tg animals. After TBI, both groups of animals 

underwent a drastic increase in the number of pH3+ cells at 24hpi. In WT 

animals, this increase continued until 3dpi and decrease thereafter at 7dpi. In 

contrast, in GFAP-IL10Tg mice, the number of pH3+ cells decreased 

significantly at 3dpi and remained constant at 7dpi. Thus, the number of pH3+ 

cells at 3dpi was significantly higher in WT animals than in GFAP-IL10Tg.  

To analyze the phenotype of proliferating cells a double immunofluorescence 

combining CD11b (pan-microglia/macrophages marker) and pH3 (proliferation 

marker) was performed. Quantification of double CD11b+/pH3+ cells indicated 

that almost all pH3+ cells corresponded to microglia/macrophages in both WT 

and GFAP-IL10Tg animals and confirmed the low amount of double positive 

cells in transgenic animals at 3dpi (Fig. 10). 
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Figure 10. Microglial/macrophages proliferation. (a-h) Representative images showing the 

number of pH3 cells in the area just surrounding the lesion cavity of both WT (a-c-e and g) and 

GFAP-IL10Tg (b-d-f and h) animals. (i) Graph showing the quantification of pH3+ cells/section 

in non lesioned (NL) and lesioned animals from 24hpi to 7dpi in both WT and GFAP-IL10Tg 

animals. (j) Graph showing the quantification of microglia/macrophages (pH3+/CD11b+) 

cells/section at 3dpi in both WT and GFAP-IL10Tg animals. Note that in GFAP-IL10Tg animals 

the number of proliferating microglia/macrophages was significantly low compared with WT 

(****p ≤ 0.0001) (**p ≤ 0.01). (k-l) Representative images of double immunofluorescence of 

pH3 (red) and CD11b (green) at 3pi for WT (k) and GFAP-IL10Tg (l) animals. Nuclei of cells 

were counterstained with DAPI (blue). All data are represented as mean±SEM. In WT animals; 

a indicates significant vs NL, b: indicates significant vs 24hpi, c: indicates significant vs 3dpi. 

In GFAP-IL10Tg animals; a’ indicates significant vs NL, b’: indicates significant vs 24hpi. 

 

6. Transgene expression of IL-10 increased the number of infiltrated 

monocytes. 

Flow cytometry techniques were used to assess possible modifications in the 

number of microglia/macrophage populations induced by the transgenic 

production of IL-10. We identified the microglia/macrophage population based 
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on the positive CD11b expression in combination with differential expression 

levels of CD45 (Fig. 11). This helped in differentiating homeostatic from 

activated microglia as well as macrophages. Thus, ramified or homeostatic 

microglia was identified as CD11b+/CD45low and activated microglia as 

CD11b+/CD45int. Moreover, we identified the CD11b+/CD45high population, 

which may include highly activated microglia, monocytes, macrophages and 

dendritic cells. In this study, we have used the term CD11b+/CD45low/int to 

refer to the population of homeostatic and activated microglia jointly. 

Our results showed no detectable differences in the number of 

CD11b+CD45low/int or CD11b+/CD45high cell populations between NL WT and 

NL GFAP-IL10Tg mice (Fig. 11 a-b). However, expression levels of CD45 

(mean fluorescence intensity), was higher in the CD11b+/CD45low/int cell 

population of GFAP-IL10Tg animals than in WT and lower in the 

CD11b+/CD45high (Fig. 11). 

After TBI, both WT and GFAP-IL10Tg animals experimented a significant 

increase in the number of both populations at 24hpi that remained unaltered at 

3dpi. However, the number of CD11b+CD45high cells was significantly higher 

in GFAP-IL10Tg animals at 3dpi. Moreover, CD45 expression levels were 

higher in the CD11b+/CD45low/int cell population of GFAP-IL10Tg mice than in 

WT at all time-points after lesion, whereas it was similar between genotypes in 

the CD11b+/CD45high cells. 

As we already commented above, the population of CD11b+/CD45high cells 

may include monocytes, a cell population highly related with the TBI 

progression. Therefore, a putative effect of IL-10 production on monocyte 

infiltration was studied in more detailed using CCR2, Ly6C and F4/80 by flow 

cytometry.  

In NL conditions, a low amount of cells in the CD11b+CD45low/int (Fig11a-c) and 

CD11b+CD45high (Fig11b-d) populations expressed CCR2 and Ly6C in both 

experimental groups. However, after TBI, both WT and GFAP-IL10Tg animals 

showed an increase in the number of CCR2+, Ly6C+ and CCR2+/Ly6C+ cells 

in the CD11b+CD45low/int (Fig11a-c) and CD11b+CD45high (Fig11b-d) 

populations. This increase followed a similar dynamics in both groups 

increasing at 24hpi and remaining without significant modifications at 3dpi. 

Nevertheless, when compared between genotypes, we observed a 

significantly higher number of CD11b+/CD45high/CCR2+ cells and 

CD11b+/CD45high/CCR2+/Ly6C+ in GFAP-IL10Tg mice at 3dpi; and a higher 

number of Ly6C+ cells in the CD11b+/CD45low/int cell population in WT at 3dpi.  
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Figure 11. Monocyte infiltration. (a-b) graphs showing the number of cells in microglia 

CD11b+CD45low  and macrophage CD11b+CD45high  populations in cortex of nonlesioned (NL) and 

lesioned animals from 24hpi and 3dpi in WT and GFAP-IL10Tg animals. (c-d) graphs showing the 

intensity of CD45 in microglia CD11b+CD45low  and macrophage CD11b+CD45high  populations in of 

nonlesioned (NL) and lesioned animas from 24hpi to 3dpi in both WT and GFAP-IL-10Tg animals.  

(e-j) graphs showing Flow cytometry analysis and quantification of CCR2 and Ly6C markers in 

microglia and macrophage populations in nonlesioned  (NL) and lesioned animals from 24hpi to 3dp 

in WT and GFAP-IL10Tg mice  as well as  quantification of monocyte recruitment. 
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(e-g) graphs showing the expression level of CCR2 and Ly6C in microglia CD11b+CD45low (f-h) and 

macrophage CD11b+CD45high  (b-d) populations. (i-j)graphs showing the quantification of 

CCR2+Ly6C+ inflammatory monocytes in nonlesioned(NL) and TBI lesioned animals from 24hpi to 

3dpi in WT and GFAP-IL10Tg mice. Inflammatory monocytes exhibited a significant increased in 

transgenic animals at 3dpi. Error bar indicates mean±SEM. (£p≤0.1,*p ≤ 0.05). In WT animals; a 

indicates significant vs NL, and in GFAP-IL10Tg animals; a’ indicates significant vs NL.  

 

 

 

7. IL-10 does not modify the phagocytic capacity of microglia/macrophage 

populations after TBI. 

In order to investigate the putative changes that transgenic IL-10 production 

may exert on the phenotype of the microglia and macrophage cell populations 

both in NL and after TBI, the expression of different cell activation markers 

mostly related to the phagocytic function, including CD68, F4/80 and TREM2 

was studied by flow cytometry in the CD11b+CD45low/int and CD11b+CD45high   

populations (Fig. 12) and by immunohistochemistry (Fig. 13).  

In NL conditions, the number of CD68+, TREM2+ and F4/80+ cells in both 

CD11b+/CD45low/int and CD11b+/CD45high cell populations was similar in WT 

and GFAP-IL10Tg mice.  

After TBI, the number of CD68 and TREM2 experimented a progressive 

increase from 24hpi to 3dpi in the population of CD11b+/CD45high cells but 

remained unaltered in the population of CD11b+/CD45low/int cells. Similarly, the 

number of F4/80+ cells augmented at 24hpi and remained stable at 3dpi, but 

only in the population of CD11b+/CD45high cells. No significant modifications 

between WT and GFAP-IL10Tg animals were detected by flow cytometry in 

the number of any of these cell populations.  

However, when we analyzed the distribution of these cells using 

immunohistochemistry, we found a significant increase in the CD68 expression 

in the microglia/macrophages of GFAP-IL10Tg animals at 3dpi. Moreover, the 

analysis of fold changes for this marker, demonstrated that similarly to the 

resuts obtained for Iba1 and Pu.1, even the increase in the number of CD68+ 

cells, the upregulation of this marker in GFAP-IL10Tg animals in comparison 

to their NL conditions, was less pronounced than in WT (Figure 13). 



                                          

43 
 

 

Figure 12. Microglial phagocytosis phenotype. (a-b) Graphs showing the number of cells 

in the microglia CD11b+CD45low  and macrophage CD11b+CD45high  populations in the cortex 

of nonlesioned (NL) and lesioned animals at 24hpi and 3dpi in WT and GFAP-IL10Tg animals. 

(c-h) Graphs showing the expression of CD68, TREM2 and F4/80 in microglia CD11b+CD45low 

(c-e-g) and macrophage CD11b+CD45high (d-f-h) populations in nonlesioned (NL) and lesioned 

animals at 24hpi and 3dpi in WT and GFAP-IL10Tg animals. Error bar indicates mean±SEM. 

(£,$ p≤0.1). In WT animals; a indicates significant vs NL, and in GFAP-IL10Tg animals; a’ 

indicates significant vs NL. 
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Figure 13. CD68 immunohistochemistry. (a-c and g-i) Graphs showing the quantification of CD68 

immunoreactivity as the AI (Area ˣ Intensity) (a, g), the percentage of Area (b, h) and the Mean Grey 

value (c, i) at lesioned core (a-c) and PLP part (g-i). Note that GFAP-IL10Tg animals showed higher 

expression of CD68 at 3dpi in both areas. (d-e and j-k) Graphs showing the fold changes of CD68 

expression in comparison to respective NL animals in WT (d-e) and GFAP-IL10Tg animals (j-k) in 

the lesioned core and PLP. GFAP-IL10Tg animals showed a significant lower fold increase of CD68 

than WT in both lesioned core and PLP. (f) Representative images from WT and GFAP-IL10Tg 

animals showing CD68 immunoreactivity in lesioned core at 3dpi. All the values are represented as 

mean±SEM. *p≤0.05. In WT animals; a indicates significant vs NL, b: indicates significant vs 24hpi, 

c: indicates significant vs 3dpi. In GFAP-IL10Tg animals; a’ indicates significant vs NL, b’: indicates 

significant vs 24hpi, c’: indicates significant vs 3dpi. 

 

8. Transgene-encoded IL10 does not make any changes in microglia antigen 

-presenting activation.  

In order to assess the effects of astrocyte-targeted IL10 production on the 

microglia antigen presenting characteristics after TBI, sections were 

immunolabeled for major histocompatibility complex-ll (MHC-ll) at all time 

points of studied. No expression of MHC-ll was detected in microglial cells of 

NL WT or NL GFAP-IL10Tg animals.  After TBI, in WT animals, MHC-ll staining 

appeared at 24hpi in activated microglia showing bushy and elongated 

morphologies in the PLP area and remained stable at 3dpi. After that, MHC-ll 

staining progressively augmented at 7dpi in the same area. No significant 

differences in either the dynamics or the morphology of MHC-II+ cells were 

found between WT and GFAP-IL10Tg animals at any time points analyzed 

(Figure 14). 
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Figure 14. MHC-ll immunohistochemistry. Representative images from WT (a, c, e and g) 

and GFAP-IL10Tg (b, d, f and h) animals showing MHC-ll staining in the adjacent area to lesion 

core (penumbra) from 24hpi to 7dpi.  Note that, MHC-II immunoreactivity was not detected at 

NL animals (a-b). (j-k-l) representative images exhibiting similar MHC-ll morphology (rounded 

and  elongated  microglia)between WT and GFAP-IL10 animals at different time points. Scale 

bar=100μm.(i) graph showing the quantification of MHC-ll expression as AI(Areaˣ Intensity) in 

both WT and GFAP-IL10 Tg animals after injury. All the values are mean±SEM. Inter-

comparison statistics presented by symbol, in WT animals; a indicates significant vs NL, b: 

indicates significant vs 24hpi, c: indicates significant vs 3dpi. In GFAP-IL10Tg animals; a’ 

indicates significant vs NL, b’: indicates significant vs 24hpi, c’: indicates significance vs NL 

WT. vs 3dpi 

 
 

 

9. Transgenic production of IL-10 modified the infiltration of peripheral immune 

cells. 

The next step we addressed was to analyze whether transgenic expression 

modifies the infiltration of peripheral immune cells, key components of the 

inflammatory response associated to TBI. Both neutrophils and T-cells were 
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analyzed using myeloperoxidase (MPO) and CD3/CD4, respectively, by flow 

cytometry and immunohistochemistry.  

-Neutrophil recruitment:   

No MPO+ cells were observed in NL WT or NL GFAP-IL10Tg animals. After 

TBI, MPO+ cells appeared at 24hpi in both WT and GFAP-IL10Tg animals, 

decreasing significantly at 3dpi. The number of MPO+ was significantly lower 

at 24hpi in transgenic mice (Figure 15). 

 

 
 
Figure 15. Neutrophils infiltration. Representative images showing the number of 

myeloperoxidase (MPO)+ cells (brown) in the PLP area of both WT (a-c-e and g) and GFAP-

IL10Tg animals (b, d, f and h) from 24hpi to 7dpi. Toluidine blue staining was used as a nuclei  

marker. (g) Graph showing the quantification of MPO + cells of WT and GFAP-IL10Tg animals 

from 24hpi to 7dpi. Note that, at 24hpi, GFAP-IL10Tg animals presented significantly lower 

number of MPO+ cells in than WT. All values are represented as mean±SEM. ****p ≤ 0.0001. 

In WT, a: indicates significant vs NL. In GFAP-IL10Tg, a’: indicates  significance vs NL. Scale 

bar=30µm. 

 
 
-Lymphocyte Infiltration 

 

No CD3 positive cells were detected in either NL WT or NL GFAP-IL10Tg 

animals as well as in the contralateral side at any time points analyzed (data 
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not shown). After TBI, CD3 positive lymphocytes were detected and 

accumulated in the penumbra of ipsilateral side in both WT and GFAP-IL10Tg 

animals. CD3 positive cells appeared at 3dpi and remained stable at 7 dpi. 

There was almost two-fold increase in the total number of CD3+ cells at 3dpi 

in GFAP-IL10Tg when compared with WT (Fig 16).  

 

 

 

 

Figure 16. Analysis of T-cells.  Graph showing the quantification of CD3 + T-lymphocytes in 

WT and GFAP-IL10Tg animals at 3 and 7dpi. Remark that, GFAP-IL10Tg presented higher 

number of CD3+ lymphocytes at 3dpi than WT. All the values are represented as mean±SEM. 

*p ≤ 0.05.  

 

 

10. Blood brain barrier permeability. 

 

In order to evaluate the possibility that the modifications in the infiltration of 

peripheral immune cells, observed in transgenic animals, was linked to 

modifications in the permeability of the blood brain barrier, immunoglobulin 

detection was used (Figure 17). IgG immunostaining was not detected in NL 

WT and NL GFAP-IL10Tg animals. After TBI, in WT animals, IgG staining was 

clearly observed within the lesion core and diffused into areas surrounding the 

primary injury at 24hpi and 3dpi. The strong leakage of IgG was observed at 

24hpi followed with a significant decrease at 3dpi. In contrast to WT, in GFAP-

IL10Tg animals IgG staining was remarkably low at 24hpi and remained 

unaltered at 3dpi.  
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Figure 17. IgG immunohistochemistry. IgG staining was undetectable in NL of both WT and 

GFAP-IL10Tg animals. Representative images showing IgG immunostaining (Pseudocolor 

Tecnhique modified  by LUT in image J software ) representing BBB-leakage in WT (a-b) and 

GFAP-IL10Tg (c-d) animals at 24hpi and 3dpi. Blue staining represented IgG staining whereas 

red represented no-stained area. (e) Graph showing the quantification of volume (ROI) for IgG 

staining widespread in WT and GFAP-IL10Tg animals at 24hpi and 3dpi. Note that transgenic 

animals presented significantly lower lgG extravasation in comparison to WT at 24hpi. All the 

values are represented as mean±SEM. **p ≤ 0.001. In WT, a indicates significant vs 24hpi. 

 
 
11. Transgene-encoded IL10 modifies GFAP expression in astrocytes. 

 

To analyze putative differences in astrocytes, GFAP marker was used. Both 

NL WT and NL GFAP-IL10Tg animals showed low levels of GFAP expression. 

After TBI, in WT mice, GFAP staining increased abruptly at 3dpi remaining 

unaltered at 7dpi. In contrast, GFAP levels in GFAP-IL10Tg mice progressively 

increased from 3 to 7dpi, showing the maximum level at this later time-point. 

Thus, when compared between genotypes, levels of GFAP staining were lower 

in GPAP-IL10Tg animals at 3dpi in both the lesion core and the PLP area, 

becoming similar at 7dpi (Figure 18).  
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Figure 18. GFAP immunohistochemistry. Representative images showing GFAP 

immunostaining in the lesioned core of WT (a, c, e and g) and GFAP-IL10Tg animals (b, d, f 

and h) from 24hpi to 7dpi. (i) Graph showing the quantification of GFAP immunoreactivity as 

the AI (Areaˣ Intensity) along the lesion. Note that GFAP-IL10Tg animals presented lower 

GFAP labelling at 3dpi compared to WT in both the lesion core and the PLP area. All values 

are represented as mean±SEM. *p ≤ 0.05. In WT animals; a indicates significant vs NL, b: 

indicates significant vs 24hpi. In GFAP-IL10Tg animals; a’ indicates significant vs NL, b’: 

indicates significant vs 24hpi, c’: indicates significant vs 3dpi. Scale bar=30µm. 
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12. Transgenic IL-10 production decreases the expression of IL-1 after TBI.  

We address whether all the modifications observed in microglia/macrophages 

activation, astrocyte reactivity and leukocyte infiltration were due by changes 

induced by transgenic production of IL-10 in the cytokine/chemokine 

microenvironment generated after TBI. We specifically analyzed the 

expression of key cytokines associated to this kind of injury such as IL-1, TNF-

 and IL-10 and chemokines such as CXCL1 and CCL2 related to the 

recruitment of neutrophils and monocytes, respectively.  

Our results showed a significant increase in the expression of IL-1beta and IL-

10 at 4hpi in both WT and GFAP-IL10Tg that remained without significant 

modifications at 12hpi and 24hpi. Noticeably, transgenic animals showed a 

significant decrease of IL-1beta at 24hpi in comparison to WT. Regarding IL-

10, although levels of expression in transgenic animals were higher at 4hpi and 

12hpi, values did not reach statistically significance.  

In regard of chemokines, both CXCL1 and CCL2 showed an increase at later 

time-points than cytokines, i.e at 12hpi decreasing thereafter at 24hpi in both 

genotypes. No significant differences were found between WT and GFAP-

IL10Tg in any of these chemokines at any time-point analyzed (Figure 19). 
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Figure 19. Cytokine/chemokine expression. Graphs showing the temporal expression of IL-

1β (a), IL-10 (b) ,CXCL1 (c) and CCL2 (d) in non-lesioned (NL) and TBI-lesioned animals from 

4hpi to 24hpi in both WT and GFAP-IL10Tg animals. All values are represented as 

mean±SEM. *p≤0.05. In WT animals; a indicates significant vs NL, b: indicates significant vs 

4hpi, c: indicates significant vs 12hpi. In GFAP-IL10Tg animals; a’ indicates significant vs NL, 

b’: indicates significant vs 4hpi, c’: indicates significant vs 12hpi. 

 

 

13. Astrocytes are the principal cells expressing the IL-10 receptor (IL-10R) in 

both NL and after TBI. 

Finally, in order to study which cells were responding to the transgene 

production of IL-10, the IL-10 receptor (IL-10R) expression was 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 few GFAP+ cells randomly distributed along the cortex. After TBI, IL-

10R+/GFAP+ cells increased in both WT and GFAP-IL10Tg animals and were 

specifically located in the area just surrounding the lesion cavity. No detectable 

differences in the number of double positive cells were found between 

genotypes. 
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Figure 20. IL-10R expression. Representative images showing the double 

immunofluorescence staining for IL-10R (red) and GFAP (green) in non-lesioned (NL) (a-f) and 

TBI-lesioned animals (g-l) at 3dpi. Sections were counter-stained using DNA-binding DAPI 

(shown in blue). Note that major part of IL-10R+ cells showed co-localization (yellow) with 

GFAP in both NL and after TBI (arrowheads). 
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                                                 Discussion 

 

With the work o this PhD we have characterized the effects of IL-10 on the neuronal 

degeneration, glial activation and leukocyte infiltration associated to the 

inflammatory response after traumatic brain injury (TBI). Our results demonstrated 

that IL-10 has a temporal neuroprotective role after TBI, associated to an increase 

in the microglia/macrophages density and modifications in their phenotype including 

a higher phagocytic capacity. Moreover, IL-10 production reduces the leakage of 

the BBB associated to trauma reducing the infiltration of neutrophils at the early 

time-points, but increasing the recruitment of T-cells. All these modifications were 

associated with a less inflammatory environment characterized by a low amount of 

IL-1. 

1. Transgene-production of IL-10 reduces the neurodegeneration associated to TBI.  

Neurodegeneration is the principal cause of disability after traumatic brain injury. 

This neurodegeneration become from both primary or secondary injury. Primary 

injury occurs at the time of impact causing a direct damage to neural tissue, whereas 

by contrast, secondary injury develops in minutes to months following the insult. 

This secondary injury was mediated by several factors including free radical 

production, excitotoxicity as well as the neuroinflammatory response associated to 

TBI (Jassman et al., 17).  

 

Injured neurons appeared in the ipsilateral cortex surrounding the impact site, 

hippocampus and thalamus. Degenerating neurons were maximal by 1 and 3 days 

in the cortex and hippocampus and by 7 days in the thalamus (Sato and Chang et 

al., 2001; Clark and Kochanek et al 1997; Conti et al., 1998; Fox and Fan et al., 

1998). 

Our results demonstrated neuroprotective effect of IL-10 following TBI with 

significant decreasing in the number of degenerating neurons at early time-points. 

These results are in agreement with previous published papers of our research 

group demonstrating the neuroprotective effects of astrocyte-targeted production of 

IL-10 after facial nerve axotomy (Villacampa et al., 2105) and the increase in axonal 

sprouting after perforant pathway transection (Recasens et al.,  2019). Similarly, 

some studies have been reported the anti-inflammatory and neuroprotective 

properties of systemic administration of IL-10 after traumatic brain injury (Bethea et 

al., 1999; Knoblach and Faden et al 1998) and stroke (Spera et al., 1998). One 

possible explanation is that IL-10 exerts a direct protective effect over neurons, as 

in our study neurons located in the area surrounding the lesion cavity, where the 

neurodegenerating FJ-B+ cells were found, are the cells that presented the IL-10R1. 

However, we cannot discard the possibility that the positive effect exerted by IL-10 
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may be due to an indirect effect associated to astrocytes, as we also found 

expression of the IL-10R1 on astrocytes located in the same area as 

neurodegenerating neurons.  

 

2. Astrocyte-targeted production of IL-10 increase microglia/macrophages cell 

density by promoting high monocyte recruitment. 

TBI is associated with a rapid reactive response including an increase in the number 

of microglia/macrophages cells (Susarla et al., 2104). In concordance, our results 

showed a progressive increase in microglia/macrophage cell density in the cortical 

lesioned core and PLP after TBI in both WT and GFAP-IL10Tg animals but with 

some dissimilarities. GFAP-IL10Tg showed a higher cell density than WT especially 

at 3dpi, suggesting that overproduction of IL-10 has a role in the mechanisms 

underlying this increase after TBI. 

Microglial proliferation has been proposed as the main mechanism mediating 

microglia/macrophages expansion after TBI (Susarla et al., 2104). As already 

reported, microglia/macrophages increase takes places between 3-5 days after TBI. 

In agreement, our results revealed that the peak of proliferative pH3+ microglia cells 

was observed at 3dpi in WT animals. However, correlating with the lower-fold 

increase reported in these transgenic mice in terms of Iba1 and Pu.1, the total 

number of mitotic cells in GFAP-IL10Tg animals decreased. Although initially it 

seems paradoxical, as GFAP-IL10Tg showed higher number of 

microglia/macrophages cells, it is important to take into an account here that the 

amount of cells in NL conditions is already higher in transgenic animals. These 

results pointed to IL-10 as a suppressive factor for microglial proliferation. However, 

IL-10 has not shown any direct effect on microglial proliferation in vitro (Strle et al., 

2002, Sawada et al 1999) or in vivo after perforant pathway transection (Recasens 

2019), making us to hypothesize that the effects observed in microglial cells are in 

fact indirect effects derived from the IL-10 actions over degenerating neurons and 

astrocytes, the principal cells expressing the IL-10R1 rather than on 

microglial/macrophages cell number.  Although according to our results prevention 

of microglial proliferation coincided with a better outcome of TBI, suggesting a 

possible beneficial effect, the role of microglial proliferation after TBI is not well 

understood (Jassman’17). The few studies analyzing the effects of the elimination 

of proliferating microglia show that after TBI did not alter the extent of axonal injury 

(Bennet and Brody, 2014). Further studies are thus needed to demonstrate whether 

this proliferation is a positive or a negative event in the progression of TBI. 

In addition to proliferation, modifications in the monocytes/macrophages recruitment 

could be another possibility to explain the increased microglia/macrophage cell 

density induced by IL-10. Inflammatory monocytes/macrophages has been 

described as the major recruited peripheral immune cells between 3 and 5 days 

after TBI (Rhodes et al 2014; Holmin et al 1995: Soares et al 1995: Hsieh et al 

2013). In agreement, our results clearly showed a higher number of CCR2+/Ly6C+ 
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inflammatory monocytes in the CD11b+/CD45high cell population of both 

experimental groups. However, the number of recruited inflammatory monocytes 

was higher in GFAP-IL10Tg animals at 3dpi, coinciding with the time-point in which 

maximal differences between WT and transgenic mice were detected in terms of 

microglia/macrophages cell density. This indicates that IL-10 is influencing the 

recruitment of these peripheral cells. In line, we have already demonstrated that, 

after perforant pathway transection, astrocyte-targeted production of IL-10 

promoted monocyte infiltration to the site of injury leading to an increase in the 

density of microglia/macrophages by modifying the profile of chemokines 

(Recasens et al., 2019). However, in contrast to this previous study, in this work we 

did not detect differences in the amount of MCP-1, the principal chemokine involved 

in the recruitment of monocytes between WT and transgenic animals, at least at the 

early time-points we measured.  

 

3. Production of IL-10 increases microglial/macrophage phagocytic capacity but has 

not influence on its antigen presentation capacity. 

In addition to modifications in the microglial/macrophage density, our work also 

demonstrated changes in the phenotype of these cells after TBI. It is well described 

that after acute brain injury microglial cells are rapidly activated and undergo 

dramatic morphological and phenotypic changes (Donat et al. 2017). The process 

is accompanied by the expression of surface antigens and production of mediators 

that build up and maintain the inflammatory response of the brain tissue (Loane et 

al 2014). In our present study, local production of IL-10 downregulated Iba-1 

expression in activated microglia during injury evolution, supporting the previous 

reports that described a downregulatory effect of IL-10 on microglial activation 

(Norden et al., 2014, Sawada et al., 1999). However, it is clear that activation of 

microglia/macrophages is not a heterogenous phenomenon, but rather different 

phenotypes and functions have been reported for this cell population that could be 

relevant in the progression of the neuroinflammatory response associated to TBI 

(Ransohoff et al., 2016; Sica and Mantovani et al., 2012). 

One of the main functions of microglia/macrophage after TBI is the phagocytosis. 

Microglial removal of damaged cells is a very important step in the restoration of the 

homeostasis and then for the recovery of the tissue after trauma. For this purpose, 

both CD68, a molecule located on the lysosomes, and TREM2, a molecule 

commonly associated with lipid recognition and phagocytosis, were analyzed. Our 

results demonstrated few differences in the number of CD68+ or TREM2+ 

microglia/macrophages cells in GFAP-IL10Tg animals compared to WT after TBI, 

suggesting that IL-10 was not directly modifying the phagocytic capacity of 

microglia/macrophages. However, when we studied in detail just the lesioned area, 

using immunohistochemistry, instead flow cytometry, we found an increase in CD68 

labelling specifically in the lesioned area. The increase in the phagocytic capacity 
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of these cells in the lesioned area observed in transgenic animals, together with the 

lower neurodegenerative neurons found, suggested a beneficial effect of IL-10 

mediated by a more rapid elimination of neuronal and tissue debris by 

microglia/macrophages. 

Surprisingly, although IL-10 has been associated with an inhibitory effect on 

microglia/macrophages MHC-ll expression (Mizuno et al., 1994, Moore et al., 2001), 

in our work, transgenic animals did not showed alterations of MHCII, another 

phenotypic marker analysed, at any time points after TBI, suggesting that the 

antigen presenting capacity of microglia/macrophages were not altered by IL-10 in 

our paradigm. In agreement some studies have been described that IL-10 has no 

effect on MHC- II expression on Epstein-Barr virus-infected lymphoid cell lines, 

Langerhans cells, or activated B cells (de Waal Malefyt et al., 1991, Enk et al., 1993, 

Fluckiger et al., 1993).  

As we will discuss in detail on the last paragraph of this discussion, the modifications 

observed in microglia/macrophages presumably are a result of an indirect effect 

mediated by astrocytes rather than a direct effect of IL-10 over 

microglia/macrophages population itself, because microglia/macrophages did not 

presented the IL-10R1 in neither NL conditions or after TBI.  

 

4. Decreased in blood brain barrier impairment and neutrophil recruitment in 

transgenic animals. 

Blood-brain barrier disruption has been demonstrated in the acute phase after 

several animal models of TBI (Habgood et al., Lotocki  et al ., 200; Dietrich et al., 

1994, Povlishock et al., 1978). Alterations in blood brain barrier (BBB) permeability 

may contribute to secondary tissue damage by the abnormal recruitment of blood 

components into the injured brain influencing neuronal vulnerability (Stahel,  and 

Shohami  et al., 2000; Lucas et al., 2006, Dietrich et al., 1994). These alterations in 

permeability occur around 3–6 hours post injury and remain visible for a longer time 

points at 4 and even 7 days after TBI (Habgood et al., 2007,  Lotocki  et al., 2009). 

Initial injury induces damage into vascular cell membranes leading to endothelial 

cells necrosis and leukocyte infiltration. Injured vascular endothelium upregulates 

the adhesion molecules and releases the leukocytes chemoattractant factors which 

eventually result in enhanced leukocyte adhesion molecules and recruitment into 

injured brain parenchyma. (Stahel,  and  Shohami  et al., 2000; Lucas et al., 2006; 

Schoettle and Kochanek, et al., 1990). 

Early BBB disruption after injury is concomitant with an acute neutrophil infiltration 

into injured parenchyma, peaking between 24hpi and 3dpi (Gyoneva  

and Ransohoff  et al., 2015; Jin and Ishii et al., 2012). Neutrophils are the first 

leukocytes recruited into the injured parenchyma and could greatly exacerbate the 

tissue damage by  producing and releasing numerous toxic substances namely 

lysosomal enzymes such myeloperoxidase, reactive oxygen species (ROS) and 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Gyoneva%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ransohoff%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=25979813
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reactive nitrogen species (NOS) as well as cytokines and chemokines such as TNF-

α, IL-1β and IL-8, which amplify the recruitment and activation of more neutrophils 

to the site of injury, through the upregulation of endothelial adhesion molecules ( Liu 

Yang-Wuyue et al., 2018 ). Thus, acute inflammatory mechanisms, vascular 

permeability and leukocyte infiltration, influence secondary post-traumatic tissue 

damage. Further studies indicated that neutrophils are observed only in areas 

exhibiting BBB damage and are initially found in injured cortex, and areas with 

damaged BBB within 12 h after injury, lining the vasculature and filling 

subarachnoid/subdural spaces. Then, neutrophils migrate from the damaged 

vasculature into traumatized cortical and hippocampal parenchyma by 24 h (Soares 

et al., 1995). 

Our results described that vascular breakdown was observed in both WT and 

GFAP-IL10Tg animals at 24h and 3dpi. Remarkably, astrocyte-targeted production 

of IL-10 strongly attenuates the permeable abnormalities of the BBB at 24hpi 

accompanied by a significant decrease in neutrophil recruitment into the injured 

parenchyma. These findings support previous studies that assessed the effect of 

IL-10 on BBB disruption and leukocyte infiltration after acute brain injury 

demonstrating a similar effect (Chen and Duan et al., 2014; Kline et al., 2002). 

Taking into an account that neutrophils are one of the peripheral inflammatory cells 

entering the parenchyma of the injured brain at the early hours (24hpi-3dpi) after 

TBI, together with the fact that a reduction in neutrophil infiltration has been 

associated with a reduction in lesion size and neurological deficit in experimental 

transient ischaemic injuries (Connolly et al.,1996, Chen et al., 1994), lead us to 

speculate that IL-10 in our work is modifying the vasculature inhibiting the infiltration 

of inflammatory neutrophils and decreasing then the neurodegeneration.  

 

5. Transgene production of IL-10 increased T-cell recruitment after TBI. 

In addition to modifications in microglia/macrophages activation, neutrophils and 

monocytes infiltration as well as BBB leakage, and consistent with other reports ( 

Jin  and Ishii et al., 2012; Holmin  and Soderlund  et al., 1998,  Dressler et al., 2007), 

we observed accumulation of infiltrated CD3+ T cells at the penumbra of perilesional 

brain parenchyma after TBI. Interestingly, the proportion of CD3+ T cells in GFAP-

IL10Tg animals was significantly higher, suggesting a role of IL-10 on the 

mechanism underlying T-cell recruitment. Similar results were reported using the 

same transgenic animal after facial nerve axotomy and perforant pathway 

transection (Villacampa  et al., 2015, Recasens et al.,  2018). This increased 

infiltration of T-cells in transgenic mice cannot be explained by modifications in the 

BBB itself, because in contrast, as already discussed in the previous section, BBB 

leakage in transgenic animals was lower than in WT. Then, the better explanation 

could be that the increase in T-cell infiltration is related to alterations in the 

chemokines responsible of T-cell recruitment. Indeed, changes in these 

chemokines are the responsible of the higher infiltration observed after perforant 
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pathway transection (Recasens et al., 2019). However, we did not detect any 

significant modification in MCP1, the principal chemoattractant protein analyzed in 

our study, suggesting it will be necessary to analyse the effect of IL-10 on other 

molecules related to T-cell infiltration such as integrins and endothelial cell adhesion 

molecules (Lopes Pinheiro et al 2016). 

The specific role of lymphocyte infiltration after TBI was poorly understood. It is 

known that T cells infiltrated the brain parenchyma in TBI during acute and chronic 

phases (Jin and Ishii et al., 2012; Ndode-Ekane et al., 2018) and some studies 

demonstrated that T cells exacerbated the posttraumatic tissue damage between 

3-5 days post-injury. (Jin and Ishii  et al.,  2012; Timaru-Kast  et al., 2012). However, 

Weckbach (2012) reported that Rag1 −/− mice, lacking T cells, are not different from 

wild-type mice in terms of injury severity and neurologic impairment after a closed 

head injury (Weckbach et al., 2012). According to our results, linking more 

neuroprotection with higher recruitment of T-cells, we could speculate that the role 

of these lymphocytes was protective. However, in our hands we cannot discard the 

possibility that differences in the amount of T-cells could be the consequence of the 

lower neurodegeneration and the modifications in neutrophil infiltration, rather than 

the direct cause of this protection 

  

6. Astrocyte-targeted production of IL-10 reduces the astrocyte response, the 

principal cell type expressing the IL-10R1. 

 

Activation of astrocytes under TBI has been long described in different experimental 

models (Villapol et al., 2014; Myer et al., 2006; Di Giovanni  and Movsesyan   et al., 

2005). Once activated these glial cells produce a wide-range of molecules 

associated with the neuroinflammatory response including cytokines and growth 

factors (Zamanian et al.,  2012).  

In this work we demonstrated a decrease in the levels of GFAP on astrocytes of 

transgenic animals at 3dpi, coinciding with the time where higher number of 

infiltrated monocytes and T-cells were also observed. These effects, together with 

our results showing less degenerative neurons at 3dpi, makes us to suggest that IL-

10 is producing a decrease in the neuroinflammatory environment of the lesioned 

area contributing to the lower neurodegeneration observed. In this sense, we found 

a significant decrease of IL-1 expression levels at 24hpi in GFAP-IL10Tg mice.  

In fact, astrocytes play a key role in the maintenance of CNS physiological 

homeostasis  (Chen and Swanson et al., 2003) and BBB integrity (Abbott  and 

Ronnback  et al., 2006). It is also generally accepted that under pathological 

conditions astrocytes are key in the control of peripheral immune cells, by secreting 

various cytokines and promoting BBB disruption, (Liu and Chopp et al 2015; Pineau  

et al., 2010). Thus, alterations in astrocyte could be underlying the differences 

observed in the BBB in our study, reinforcing our hypothesis that the effect of IL-10 

is to reduce the neuroinflammatory response associated to TBI avoiding the spread 

of the secondary injury. 
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Furthermore, an in agreement with other studies (Almolda et al., 2015; Gonzalez et 

al., 2009; Ledeboer et al.,2002; Norden et al., 2014), we observed the expression 

of IL-10R1 abundantly on astrocytes at all time points of the study, being the first 

description following traumatic brain injury. This indicates that the effect that we 

have found on both neurons and microglia are probably not a direct effect of the 

cytokine over these cell populations but instead is an indirect effect mediated by the 

IL-10 function on astrocytes.  

Dynamic interaction between microglia and astrocytes mediating by cytokines have 

been described in some studies (Abutbul et al., 2012; Schilling et al.,  2001; Norden 

et al ., 2104). Outcomes from as study by Norden and his colleges showed that 

astrocyte response  to IL-10 stimulation by secretion of TGF-β and  TGF-β signalling  

down regulates LPS-activated microglial activation associated by reduction in pro-

inflammatory cytokines such as  IL-1β, IL-6, CCL2, TNFα (Norden et al., 2014). 

Further studies are mandatory to analyse the principal astrocyte-microglia 

communication molecules in order to decipher the specific role exerted by IL-10 

after TBI. 
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                                      Conclusions 

 

After TBI, astrocyte-targeted production of IL-10: 

1. Attenuates neuronal degeneration after at early time points. 

2. Downregulates the microglia/macrophage activation but induces a higher 

phagocytic capacity to these cells. 

3. Reduces the astrocytic reactivity. 

4. Enhances the infiltration of inflammatory monocytes into the CNS, 

contributing to the higher number of microglia/macrophages observed in 

these animals. 

5. Reduces neutrophil infiltration into injured brain at early time-points. 

6. Induced an increase of T lymphocytes recruitment into the injured brain. 

7. Decrease BBB permeability at 24h after injury. 

8. Modified the cytokine/chemokine microenvironment, reducing the expression 

of the pro-inflammatory IL-1. 

9. The principal cells expressing the IL-10R1 are degenerating neurons and 

reactive astrocytes near the lesion core. 

 

Altogether we conclude that astrocyte-targeted production of IL-10, through the 

effects on neurons and astrocytes, is modifying the neuroinflammatory response 

associated to TBI, increasing the phagocytic activity of microglia, reducing the BBB 

permeability and neutrophil infiltration and increasing the T-cell infiltration. These 

modifications reduce the secondary injury and lead to a better outcome of the lesion 

by attenuating the neurodegeneration (Figure 21). 
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Figure 21. Inflammatory response after TBI. The principal results obtained in this work are 

represented in the Figure. 
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