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2. ABSTRACT

In CNS, neuroinflammation might be evoked by a variety of scenarios including acute
or chronic brain diseases; producing activation of glial and immune peripheral cells.
Among glial cells, microglia play a specific role being the representative of the immune
system within the CNS. Their response against the damage is fast and characterized
by adopt morphological changes, increased proliferate rate, migration, phagocytosis
and secrete immunomodulatory molecules like cytokines. Cytokines are crucial
molecules involved in the modulation of the molecular microenvironment and hence
play a pivotal role in orchestrating microglial activation. In this sense, IL-6 and IL-10
has been proposed as a two immunoregulatory molecules of microglial cells, but their
specific role remains unclear due to their controversial roles after brain diseases. In this
context, the objective of the present thesis is to determine the modifications that local
overproduction of IL-6 and IL-10 can exert on microglia cells and their implication in the
evolution and resolution of the inflammatory process associated with an anterograde
axonal injury. To address it, we performed the perforant pathway transection (PPT) in
two transgenic mice, GFAP-IL6Tg and GFAP-IL10Tg, which produce the cytokines IL-6
and IL-10, respectively, under the GFAP promoter in astrocytes. Our results showed
that, in steady state, both IL-6 and IL-10 chronic overproduction have the capacity to
polarize microglial phenotype. After PPT, astrocyte-targeted production of both
cytokines increases microglial/macrophage density. In the case of GFAP-IL6Tg mice
this increase is due to both microglial proliferation and recruitment of monocytes,
whereas in GFAP-IL10Tg is only produced by higher monocyte infiltration. Moreover,
both IL-6 and IL-10 chronic overproduction changes microglial phenotype increasing
the microglial phagocytic machinery. However, only IL-6 induces higher levels of
TREM2, although reduces the clearance of neurodegenerating fibers in the
dennervated area. About the peripheral immune cell recruitment, in addition to the
increase in monocytes, in both transgenic animals we observe an upregulation of

chemokines linked to the increase in T-cell infiltration. In this regard, one of the most
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interesting results obtained in this study is that both IL-6 and IL-10 chronic
overproduction modifies the antigen presenting capacity of microglial cells worsening
their interaction with recruited lymphocytes. Specifically, GFAP-IL6Tg animals were
depleted of MHCII® and CD11c’ microglia cells in the parenchyma being this
expression restricted to perivascular macrophages. The MHCII and CD11c expression
was also impaired in GFAP-IL10Tg, showing less number of microglia cells expressing
these markers after PPT. In addition to microglia and peripheral immune cell infiltration,
our results also show modifications in the cytokine environment in both transgenic
animals. Indeed, IL-6 chronic overproduction increases IL-6 and IL-1p pro-inflammatory
cytokines, associated to innate immune response; and shows elevated levels of the
anti-inflammatory cytokine IL-10. In the case of IL-10 astrocyte-targeted production, we
observed an anti-inflammatory environment mainly with higher TGF-# and lower IL-2
and IFN-y. Furthermore, both astrocyte-targeted production of IL-6 and IL-10 interferes
in the communication between microglia and neurons trough the CD200R-CD200 axis.
Finally, IL-6 chronic overexpression reduces the collateral sprouting associated to PPT,
whereas IL-10 chronic overexpression does not modify this process. In conclusion, the
results obtained in this thesis indicate that chronic and local exposure to IL6 and IL10
polarized the microglia towards a primed phenotype. Once they are exposed to a same
second stimulus, the PPT paradigm, they present a different microglial activation profile
conditioned by the first stimuli. Specifically, IL6-primed microglia present an activated
profile unable to acquire an antigenic presentation function; whereas IL10-primed
microglia shows a downregulated APC phenotype after PPT. These changes in
microglial population only modify the outcome of lesion in GFAP-IL6Tg mice avoiding

the generation of a pro-regenerative environment.



3. INTRODUCTION

Deciphering all the elements involved in the neuroinflammatory response has focused
all the efforts of today's neuroscientists. Although great strides have been made in
previous decades, there is still a long way to go. Multiple evidences suggested that an
altered neuroinflammatory process leads the appearance or participates in the
progression of a wide range of neurological diseases. For this reason, the study of the
relation between the central nervous system (CNS) and the immune system is a
priority. Hence, understand how microglia cells, as the representative of the immune
system in the brain, orchestrate the neuroinflammatory response would be helpful for

developing new therapies.

3.1. Microglia cells

3.1.1. Origin of microglia cells

Myeloid cells related to CNS derived from the haematopoiesis that occurs
during embryonic development and throughout adulthood to produce and replenish the
blood system; whereas astrocytes, oligodendrocytes and neurons shared the same
origin. The haematopoiesis process consist in three waves: 1) primitive
haematopoiesis, which take place in the extraembryonic yolk sac (YS) where early
erythro-myeloid progenitors (eEMPs) are produced; 2) these EMPs migrate from the
YS to fetal liver; 3) definitive haematopoiesis, where hematopoietic stem cells (HSCs)
located in the bone marrow generates all the cell lineages (Bennett & Bennett, 2020;
Dzierzak & Bigas, 2018; Prinz, Jung, & Priller, 2019; Y. Wu & Hirschi, 2020) (Figure 1).
It is well established that microglia cells come from the first primitive haematopoiesis
wave in the YS during the second embryonic week in rodents (Ginhoux et al., 2010;
Smolders et al., 2019; Stremmel et al., 2018). In fact, microglia cells were originally
thought to be the only adult macrophage population displaying eEMP origin (Hoeffel &
Ginhoux, 2015; Perdiguero & Geissmann, 2016). However, a subpopulation of

perivascular and meningeal macrophages, also called barrier-associated macrophages

6



(BAMs), shared eEMP microglia origin (Goldmann et al., 2016; Jordao et al., 2019;

Schulz et al., 2012).
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Figure 1. Origin of microglia. Microglia come from primitive hematopoiesis. Yolk sac

progenitors migrate to the developing brain before embryonic day 10.5. BAMs may initially derive from YS
progenitors, although their progenitors (EMPs) may also journey through the fetal liver. Choroid plexus
macrophages are HSC-derived and either derive from HSC-origin EMPs or from blood monocytes, as
depicted. Solid arrows represent the well-established origins whereas dashed arrows show new

hypothesis. From: (Bennett & Bennett, 2020).

New theories are still on debate. For instance, a study using genetic fate
mapping techniques, proposed that also a subset of microglia cells might come from
the second wave around E12.5 (De et al, 2018). Although both microglia
subpopulations shared gene profile, like Tmem119 and Sall1 expression and equal
participation in synaptic pruning; they showed different brain distribution. Also,
microglia cells from the second wave are more responsive to chronic brain injury than
microglia that colonizes the brain at E9.5 (De et al., 2018). Another interesting finding
in zebrafish models, showed the possible contribution of eEMPs, EMPs and HSC, the
three potentially microglia precursors, in microglia replacement (Ferrero et al., 2018).
Although in mice microglia replacement is HSC-derived cells independent, these

studies emphasizes that the ontogeny of brain macrophages is more complex than



currently appreciated. Further studies are necessary to determine their origins and

understand their functions and networks in the healthy brain.

3.2. Microglia contributions during development

During development, once into the brain, microglia propagate and disperse in a
non-heterogeneous manner throughout the CNS (Lawson, Perry, & Gordon, 1992;
Verdonk et al., 2016). Depending on the specific anatomical structure, microglia
present different morphological features, lysosome content, membrane composition,
electrophysiological activities and gene transcriptome profile that differs by other
resident-tissue macrophages (Button et al., 2014; Chiu et al., 2013; De Biase et al.,
2017; Gomez-Nicola, Fransen, Suzzi, & Perry, 2013; Hickman et al., 2013; Majumdar
et al., 2007). These differences are consistent with the different origin of microglia and
macrophages, because tissue-resident macrophages are generated from the second
wave of the haematopoiesis process. Hence, microglia cells identity is associated with
a unique signature gene. For example, in the healthy brain, only microglia cells but not
macrophages express Tmem119, P2ry12, Slc2a5, OIfmI3 and Sall1, pointing to these
molecules as putative candidates to distinguish between the two cell populations
(Goldmann et al., 2016; Jordao et al., 2019; Zeisel et al., 2015). Results obtained from
single-cell RNA sequencing, revealed also genetic differences and specific subtypes
within the microglia population during development. Between P4 and P7, microglia
associated with white matter express high levels of Spp1, Igf1, Lgals1, Lgals3 and
Gpnmb (Hammond et al., 2019; Q. Li et al., 2019). Moreover, Stowell and colleagues
described a specific and unique microglia population in the cerebellum characterized
by less ramified morphology, more sparsely distribution and with an elevated
communication with dendrites and somas of Purkinje neurons, compared with cortical
microglia cells (Stowell et al., 2018). In addition, Torres-Plata and colleagues described
the simultaneous presence of ramified, primed, reactive and amoeboid phenotype in

the human cerebral cortex of patients without any pathology (Torres-Platas, Cruceanu,
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Chen, Turecki, & Mechawar, 2014). On the other hand, studies in aging models, has
been established that microglia gene signature is also aging dependent (Orre et al.,
2014). All this data suggests that although resident-microglia cells shared origin, the
CNS environment defines their phenotype and it is not clear how these phenotype
differences in the uninjured brain contribute to the development of various CNS
pathologies.

One of the main functions of microglia cells during the early prenatal period is the
establishment of the neuronal circuits of the CNS. Microglial cells regulate progenitor
cells (NPCs) population by phagocytosis (Ashwell, 1990; Marin-Teva et al., 2004).
However, at the same time, it has been described that microglia cells promotes
neurogenesis of NPCs and neurons (Cunningham, Martinez-Cerdeno, & Noctor, 2013;
Frost & Schafer, 2016; Sierra et al., 2010). Moreover, microglia play an important role
performing synaptic pruning, remodelling synaptic circuits and inducing synapsis
formation (Miyamoto et al., 2016; Sipe et al., 2016; Tremblay, Lowery, & Majewska,
2010; Wake, Moorhouse, Miyamoto, & Nabekura, 2013; Weinhard et al., 2018). It is
important to take in account that any disturbance of these phenomena could produce
evident disorders in the adulthood. For example, exacerbated microglia pruning evokes
alterations in the synaptic development that correlates with worsening and high risk of
suffers pathologies like Alzheimer's disease (AD), schizophrenia or autism (Q. Li &
Barres, 2018; Vilalta & Brown, 2018). In addition to their interaction with neurons, they
exert an important support to oligodendrocytes and their progenitors during

myelinogenesis (Hagemeyer et al., 2017; Wlodarczyk et al., 2017).

3.3. Microglia in the adult healthy brain.
Adult microglia cells in homeostatic conditions are continuously scanning the
milieu (Kettenmann, Hanisch, Noda, & Verkhratsky, 2011). The mechanisms regulating
the motility and morphology are not clear. Some studies propose purinoreceptors, ion

channels and neurotransmitters as possible controllers of these phenomena (Tremblay
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et al.,, 2011). More recent studies have been showed that microglia ramification and
surveillance are promoted by tonic activity of the potassium channel THIK-1 (Madry et
al., 2018). In the adult brain, several studies either in vivo or in vitro, assumed that
microglia participate in adult neurogenesis and maintain neuronal growth;
phagocytising dead cells and leading synaptic pruning (Matsui & Mori, 2018; Sierra et
al., 2010; Walton et al., 2006). In fact, depletion of microglia cells located in the DG
inhibits hippocampal adult neurogenesis (Kreisel, Wolf, Keshet, & Licht, 2019).
Moreover, the same study has been described a specific DG microglia profile that
responds exclusively to the neurogenetic vascular endothelial growth factor (VEGF),
suggesting a specific an unique cascade to support adult neurogenesis compared to
other microglia populations.

Regulation of microglial activation during pathological conditions also involves
the interaction with neurons (Cardona et al., 2006; Suzumura, 2013). Microglia cells
release a wide range of molecules in order to regulate the synaptic activity and
plasticity. In addition, this communication is bidirectional as neurons regulates
microglia motility and activation. Specifically, microglia-neuron crosstalk can be
modulated by neurotransmitters, purinergic and adenosine  signalling,
CX3CL1/CX3CR1 complex, complement systems, TREM2 signalling, CD200/CD200R
and CD47/SIRPa, TLRs, cytokines and trough the endocannaboid signalling (Badimon
et al., 2020; Manich et al., 2019; Marinelli, Basilico, Marrone, & Ragozzino, 2019).
Specifically, microglia express CD200R1 and CX3CR1; whereas CD200 and CX3CLA1
are highly expressed by neurons and with low levels by astrocytes and
oligodendrocytes (Manich et al., 2019). In addition to microglia-neuron communication,
it is well established that maintenance of oligodendrocyte progenitor cells (OPCs) and

astrocyte activation and proliferation is drived by microglia (Hagemeyer et al., 2017).
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3.4. Microglia cells in injured brain

Once microglia detects any disturbance in the microenvironment acquire an
activation state that is characterized by morphological and phenotypical changes and
motility. Microglia migration to the injured site depends on activation of its P2Y12
receptors that bind with adenosine triphosphate (ATP) or adenosine diphosphate
(ADP) released from damaged neurons (Davalos et al., 2005; Haynes et al., 2006). In
the following hours, activated microglia retract their processes, form new motile
protrusions and change their morphology and phenotype depending of the severity of
the lesion (Davalos et al., 2005; Nimmerjahn, Kirchhoff, & Helmchen, 2005; Stence,
Waite, & Dailey, 2001).

For a long time, numerous attempts have been made to classify microglial cells.
Thus, depending on their surface markers microglia was defined as M1 and M2
microglia, following the criteria used to describe peripheral macrophages (Orihuela,
McPherson, & Harry, 2016; Tang & Le, 2016). The introduction of additional single-cell
technologies, such as scRNA-seq and single-cell mass spectrometry, among others,
has been provided the opportunity of a more accurate single-cell analysis. Hence, in
relation to neurodegenerative diseases, a wide range of microglia phenotype
signatures has been described, totally dependent on the specific disease (De Biase et
al., 2017; Keren-Shaul et al., 2017). In AD, as an example, a unique microglia
signature associated with -amyloid plaque has been characterized by expressing high
levels of genes involved in phagocytosis and immune response regulations such as
Lpl, Itgax, ApoE and Cst7 (Keren-Shaul et al., 2017). This niche of microglia cells has
been linked with a protective role (Deczkowska, Amit, & Schwartz, 2018). In addition,
these cells have been termed as disease associated microglia (DAM) or “microglial
neurodegenerative phenotype” (MgnD) (Krasemann et al., 2017). In demyelination
mouse models, activated microglia showed a dramatically lost of their homeostatic-
associated signature and in parallel increased various genes linked to proliferation,

inflammation and antigen presentation (Hammond et al., 2019; Jordao et al., 2019;
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Masuda, Sankowski, Staszewski, & Prinz, 2020). In human spinal cord of amyotrophic
lateral sclerosis (ALS) patients, microglial cells presented a loss of homeostatic
microglia expression signature characterized by the increased expression of genes
related to inflammation, downregulation of genes involved in microglia development
and suppression of innate immune inflammation (Butovsky et al., 2015). A part of
neurodegenerative disorders, analysis of single-cell levels has been performed in
mouse models of LPS injection or facial nerve axotomy (FNA) (Masuda et al., 2020;
Torres-Platas et al., 2014). Hence, it seems evident that the phenotype shift of
microglia cells is highly dependent of the degree of the disease, aging and brain region
and occurs at individual cell level (Hammond et al., 2019; Mathys et al., 2019; van der
Poel et al., 2019).

Disruption of microglia communication with neurons also contributes to
developing neurological diseases. In experimental autoimmune encephalomyelitis
(EAE), FNA and LPS administration models, deficiency of CD200 or CX3CR1 evokes
microglia activation and increased microglial toxicity (Cardona et al., 2006; Hoek et al.,
2000). In addition, microglia cells also controls neuronal activity by the secretion of
soluble factors such as brain-derived neurotrophic factor (BDNF), interleukin-10 (IL-
10), IL-1B, or tumor necrosis factor-a (TNF-a) (Beattie, Hermann, Rogers, &
Bresnahan, 2002; Coull et al., 2005; Cserep et al., 2020; Hewett, Jackman, &
Claycomb, 2012; Lim et al., 2013). Badimon and colleagues recently described that
neuronal ATP leads the expression of microglial adenosine production to regulate
neuronal responses (Badimon et al., 2020).

Microglia and astrocyte communication is also very complicated but essential to
understand the outcome of brain diseases. Their cross talk may be drive by the
CXCL12-CXCR4 system. CXCL12 production by astrocytes interacts with the CXCR4
microglia receptor promoting the production of pro-inflammatory mediators such as
TNF-a, IL-1p and IL-6 (Bezzi et al., 2001; Luo, Koyama, & lkegaya, 2016). Moreover,
the CX3CL1 chemokine produced by astrocytes and neurons binds with microglia’s
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fractalkine receptors suppressing their own production of pro-inflammatory mediators
(Ali, Chugh, & Ekdahl, 2015). Moreover, a wide bibliography exist describing that
microglia promotes the secretion of neurotrophic factors like the glial-derived
neurotrophic factor (GDNF) or the BDNF by astrocytes which participate during repair
and neuronal survival (Kwon & Koh, 2020; Norden, Fenn, Dugan, & Godbout, 2014).
Moreover, microglia cells lead the phenotypic shift of astrocytes mediated by IL-1q,
TNF-a and Complement component 1q production (Liddelow et al., 2017). In addition,
it has been demonstrated that activated astrocytes are able to either promote microglia
activation via IL-1B and IL-6 or inhibit the microglial inflammatory phenotype via
galectin-1 (Burda & Sofroniew, 2017; Sofroniew, 2014; Zamanian et al., 2012). Finally,
regarding oligodendrocytes, they can release a high concentration of ATP that
microglia receives in order to initiate its rapid chemotactic responses.

Microglial cells considered as a unique representative of the immune system in
the CNS, develops a high response against any perturbation of the brain environment.
This microglial activation has been characterized by secretion of inflammatory
mediators and phagocytic activity, among others. Moreover, microglia cells also
modulate the bridge between innate immunity and adaptive immunity and also

participate with their antigen presenting capacity.

3.4.1. Microglia in innate immunity

Microglial cells, as first line of defence, recognize the presence of tissue
damage or signs of infections through their patter recognition receptors (PRRs)
initiating the innate immune response (Ransohoff & Brown, 2012; Takeuchi & Akira,
2010). PRRs recognize two types of molecules: pathogen associated molecular
patterns (PAMPs) expressed by microbes, and damage-associated molecular patters
(DAMPs), molecules or proteins related to dying or damaged neurons. The main PRRs
include Toll-like receptors (TLRs), Nod-like receptors (NLRs), RIG-like receptors

(RLRs), AlM2-like receptors (ALRs), and C-type lectin receptors (Kigerl, de Rivero
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Vaccari, Dietrich, Popovich, & Keane, 2014; Venegas & Heneka, 2017). In the CNS,
astrocytes, oligodendrocytes, endothelial cells, and even neurons express functional
levels of some of these receptors (Hanamsagar, Hanke, & Kielian, 2012), but their role
have been mainly studied in microglia cells.

Microglial activation during the innate immune response has been extremely
involved in neurological diseases. Recent research in the AD has been revealed that
microglia cells could initiate and propagate the inflammation and point to CD33 as a
microglial receptor that regulates the innate immune response (Ennerfelt & Lukens,
2020). In AD, increased levels of CD33 is linked with a low efficiency of phagocytic
microglia cells and in consequence with a high presence of plaque depositions that
contributes to worsen the disease (Griciuc et al., 2013). In the past years, the different
subtypes of TLRs has been focused all the attention due to their importance to
generate the innate immune response. Depending on the TLR involved and the
activation intensity, detrimental or beneficial effects has been described (Kumar, 2019).
It is known that microglia cells express TLR1-9. Specifically, TLR4 has been
associated with a protective role against AD and also is stimulated by the plaques
(Dansokho & Heneka, 2018; Michaud et al., 2013). In Parkinson’s disease (PD), the
lack of TLR4 reduces microglia activation and in consequence prevents the
dopaminergic cell death (Noelker et al., 2013). Moreover, activation of TLR2 promotes
a pro-inflammatory microglia phenotype and in the case of TLR9 participates in the
clearance of plaques, reducing AD pathology in mice (Dansokho & Heneka, 2018;
Scholtzova et al., 2017).

This microglia activation state differs depending on the type of injury, acquiring
a specific memory that influences the following reaction against the next stimuli, in the
so-called immunological memory. Innate immune memory (lIM) in microglia cells can
be manifested in two ways: enhanced “immune training” or suppressed ‘immune
tolerance” response. Neher and colleagues proposed the concept of “primed” microglia

to refer a pre-activated microglia state as a result of a previous insult that can be acute
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or chronic (Neher & Cunningham, 2019). After that, microglia exhibit [IM that is
manifested as a “trained” (exacerbated) response to a second stimuli. On the other
hand, microglia could acquire a “desensitized” state in response to the first stimuli and
in consequence the response to the second will be “tolerant” developing “immune
tolerance” (Neher & Cunningham, 2019). It is important to investigate how this IMM
state and the dual nature of “trained” or “desensitized” microglial response reflects a
protective or detrimental role during CNS disease. Recreating the both trained and
tolerant models through the peripheral lipopolysaccharide (LPS) injections using AD
mouse models, immune training increases cerebral f-amyloidosis and reduce the
levels of IL-10; whereas immune tolerant microglial phenotype showed a reduction of
pro-inflammatory cytokines like IL-6, IL-1B and IL-12 reducing the number of plaques
(Wendeln et al., 2018). Moreover, in stroke mouse models, the tolerant response
induces a reduction of infarct size and microglial activation (Wendeln et al., 2018).
Microglia cells also participate in the innate immune response through the
secretion of a wide range of inflammatory modulators such as cytokines, chemokines
and reactive oxygen species (ROS) (Konat, Kielian, & Marriott, 2006; Lehnardt, 2010).
In fact, microglia can produce pro-inflammatory cytokines like IL-1p, IL-6, and TNF-a. in
response to DAMs and PAMs presence. Specifically, microglial production of IL-1-a
and TNF-a evokes a neurotoxic astrocyte profile in AD, PD or multiple sclerosis (MS)
patients (Liddelow et al., 2017). Neurotransmitters also regulate microglia immune
phenotype. For example, depending on the type of glutamate receptor stimulation,
microglial cells showed an activated phenotype or limits their neurotoxicity capacity
(Taylor, Diemel, Cuzner, & Pocock, 2002). Moreover, stimulation of cholinergic and
adrenergic receptors via GABA signalling inhibits microglial responses (Lee, 2013).
Regarding chemokines, activated microglia are characterized for the release of

CXCL10, CCL19 and CCL2 that are involved in the recruitment of peripheral immune
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cells that participates in the adaptive immune response in the damaged CNS (Aloisi,

1999; Gyoneva & Ransohoff, 2015; Ransohoff & Brown, 2012; Streit, 2000).
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Figure 2. Innate vs adaptive immune response. Microglial cells participate in innate immune
response identifying endogenous damage-associated molecular patters (DAMPs) or exogenous
associated molecular patterns (PAMPs) through the expression of a wide range of patter recognition
receptors (PRRs). During adaptive immunity, microglial cells interact with T cells expressing costimulatory

molecules such as MHCII, CD80, among others.

3.4.2. Microglia in adaptive immunity

In many cases, innate immunity alone eradicates rapidly the damage; however,
if a robust and more efficient response is desired the adaptive immunity must happen
(Netea et al., 2016). Hence, one of the main objectives of innate immunity is to provide
the essential information an input for adaptive immune response. The adaptive
response is present in more complex vertebrates and requires the participation of
specialized leukocytes, T and B cells, that generates specific surface molecules to

control the damage. In the CNS, it is well known that in some chronic
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neuroinflammatory diseases such as MS and narcolepsy, among others; adaptive
immunity, instead of innate immunity, dominates the progression of the pathogenesis
(Hemmer, Kerschensteiner, & Korn, 2015).

In addition to all the innate immune response’s functions described above,
microglia are the main endogenous CNS cells that are capable of presenting antigens
to T cells participating in adaptive immune responses. Microglia has been described as
the principal antigen-presenting cell (APC) within the CNS, under pathological
conditions, due to their ability to express major histocompatibility complex-1l (MHCII)
and co-stimulatory molecules (Almolda, Gonzalez, & Castellano, 2011; Aloisi, 1999;
Carson, 2002; Strachan-Whaley, Rivest, & Yong, 2014). Moreover, their phagocytic
activity is crucial for the removal of apoptotic cells and clearance the debris in the injury
site generating an appropriate microenvironment for regeneration and repair (Napoli &
Neumann, 2009).

Infiltrated lymphocytes within the CNS parenchyma have been described under
pathological conditions such as acute lesions like FNA, entorhinal cortex lesion or
neurodegenerative diseases like MS (Babcock, Toft-Hansen, & Owens, 2008; Holmoy
& Hestvik, 2008; Raivich et al.,, 1999). While in some circumstances lymphocyte
infiltration has been associated with beneficial effects, as occurs in the FNA model, in
other circumstances lymphocyte infiltration has been shown to contribute to the
exacerbation of the pathology as occur in some autoimmune diseases (Dittel, 2008;
Serpe, Sanders, & Jones, 2000). Infiltration of T-cells in the injured CNS requires their
interaction with local APCs (Kawakami, 2004). Microglia cells play a crucial function
modulating the lymphocyte response including their proliferation, differentiation and
apoptosis trough the antigen presenting mechanism.

T-helper (Th) plays a key role in the regulation of immune responses and tissue
inflammation. Depending on their pattern of cytokine production, Th cells can be
divided into two major subtypes: T-helper 1 (Th1) lymphocytes, which produce pro-

inflammatory cytokines like interferon gamma (IFN-y) or TNF-a and T-helper 2 (Th2),
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which secrete anti-inflammatory cytokines such as IL-4 and IL-10. However, the
concept based on the presence/absence of Th1-Th2 has been increasingly questioned
and overly simplistic, since other subpopulations of Th have been discovered such as
effector T-cells including Th17, Th22, Th9, T-regulatory (Treg), among others (Gor,

Rose, & Greenspan, 2003).

3.5. Role of peripheral macrophages in CNS diseases

Another important aspect to take into account is that additionally to microglia,
peripheral macrophage infiltration is also crucial for the developing of some
neurological diseases such as MS. Although, new transcriptomic techniques help us to
differentiate between resident microglia and infiltrated macrophages, poor are known,
especially when microglia become activated and controversial studies exist. The
importance of infiltrating macrophages for neuroprotection, axonal regeneration and
tissue repair has been reported in several studies. In an in vitro model of transected
adult rat optic nerve; macrophages have the capacity to change the non-permissive
environment to a permissive state for regeneration (David, Bouchard, Tsatas, &
Giftochristos, 1990). Moreover, some studies have been described the role of infiltrated
macrophages in axonal regeneration and healing following CNS injury, including
enhancement of axonal growth and regeneration in sciatic nerve injury, promotion of
functional recovery after spinal cord injury (SCI) supporting neuronal survival (Barrette
et al., 2008; Cusimano et al., 2012; Shechter et al., 2009). The anti-inflammatory
macrophages have been associated with their capacity to restrict accumulation of other
inflammatory leukocytes such as neutrophils and to modify the inflammatory activity of
microglia by the expression of anti-inflammatory cytokines (London, Cohen, &
Schwartz, 2013). Despite the observations of beneficial roles of macrophages within
the injured CNS, many studies have also reported detrimental roles. In patients with
AD and MS patients, as well as in their animal models, macrophages infiltration has

been associated with disease severity (Lucchinetti et al., 2000; Prineas & Wright,
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1978). Popovich and co-workers found that the depletion of macrophages using
clodronate liposomes improved neural and motor recovery after SCI (Popovich et al.,
1999). Moreover, after EAE induction, animals genetically modified to avoid monocyte
infiltration, showed less severe clinical disease suggesting that monocytes and not
microglia evokes worsening of EAE (Ajami, Bennett, Krieger, McNagny, & Rossi,
2011). The mechanisms involved in these detrimental effects include the secretion of

free radicals, proteases, and glutamate.

3.6. Inflammatory process modulation by cytokines: Role of IL-6 and IL-10

cytokines during inflammation in the CNS.

The balance between innate and adaptive immune responses within the CNS is
orchestrated by cytokines. In fact, an uncontrolled production of cytokines could lead a
chronic neuroinflammatory state. Furthermore, depending on the injury and the specific
microenvironment, one cytokine might produce both pro- and anti-inflammatory effects.

In the CNS, cytokines are mainly secreted by neurons and glial cells (Mosmann &
Coffman, 1989; Pineau & Lacroix, 2007; Vitkovic, Bockaert, & Jacque, 2000).
Cytokines classically linked with pro-inflammatory properties, such as IL-1f, TNF-q,
IFN-y and IL-6, were found contributing to the disease progression in AD patients
(Fakhoury, 2018; Sarlus & Heneka, 2017), and inducing microglia production of toxic
factors such as reactive oxygen species (ROS) and nitric oxide (NO), which are
harmful for the neurons (Hsieh & Yang, 2013; Smith, Das, Ray, & Banik, 2012). By
contrast, the production of cytokines with anti-inflammatory properties, like I1L-4, IL-10,
IL-13 and transforming growth factor beta (TGF-B), has been associated with
neuroprotective effects and its production correlated with recovery phases in different
CNS injuries (Al-Amin & Reza, 2014; McGeachy & Anderton, 2005; Vidal et al., 2013).
Furthermore, anti-inflammatory molecules can suppress pro-inflammatory cytokine
production and increase the presence of anti-inflammatory mediators in the

environment (Laveti et al., 2013; Owens, 2002). In this regard, their immunomodulatory
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effect has been studied in the CNS for many therapeutic approaches. Among the great
variety of cytokines, our research group has been especially interested in the last years
in two cytokines, the IL-6, as one of the main regulatory mediators of the
neuroinflammation, and the IL-10, which is considered as a counter-regulatory cytokine

involved in the termination of the inflammatory process.

3.6.1. Interleukin-6.

IL-6 was firstly studied in humans as a B-cell differentiation factor (Hirano, 1998)
and presents a structure with a long-chain of four-helix bundle that binds to its specific
receptor (IL-6R) (Kishimoto, Akira, Narazaki, & Taga, 1995). It is important to know that
the binding of IL-6 to its receptor does not directly lead to an intracellular signalling as
the association with the second transmembrane protein gp130, which acts as a signal
transducer of IL-6, is necessary (Hibi et al., 1990). Signalling of IL-6 occurs via two
different pathways: 1) the “classic signalling”, via the membrane bound IL-6R
(Kishimoto, 2010); or 2) the known as “trans-signalling”, based on the presence of a
soluble IL-6R molecule that allows that cells expressing gp130, but not IL-6R, on their
membrane can be also stimulated by IL-6 (Campbell et al., 1993; Rose-John, 2012).

In the healthy CNS, low levels of both IL-6 and IL-6R expression was observed
in neurons, glial cells and endothelial cells; whereas after a wide range of acute CNS
injuries, such as traumatic brain injury (TBI), and neurodegenerative disorders, like AD,
up-regulated levels of IL-6 has been detected (Erta, Quintana, & Hidalgo, 2012).

After CNS damage, both detrimental and beneficial roles of IL-6 have been
described. Related with neuronal survival, IL-6 in combination with other cytokines
such as IL-1B and TNF-a promotes neuronal death (Almolda et al., 2014; Conroy et al.,
2004). However, expression of IL-6 could have neuroprotective effects after SCI,
ischemia and sciatic nerve transection (Erta et al., 2012). Regarding microglia cells, in
vivo and in vitro studies, demonstrated that IL-6 administration evokes microglial

activation, increasing their proliferation capacity as well as its production of pro-
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inflammatory molecules (Krady et al., 2008; Tilgner, Volk, & Kaltschmidt, 2001).
Furthermore, increased levels of IL-6 promote microglial activation characterized by
elevated levels of macrophage-1 antigen (MAC-1), Iba-1, CX3CR1, CD11b, class A
Scavenger Receptor (SRA), CD68/ macrosialin and Ym-1 and increases their
phagocytic activity (Campbell et al., 2014; Chiang, Stalder, Samimi, & Campbell,
1994). In addition, it has been demonstrated that administration of anti-IL-6R antibody
decreases CD68-positive microglial cells following olfactory system’s injury (Kobayashi,
Tamari, Miyamura, & Takeuchi, 2013).

Related to T cell differentiation, it also accepted that IL-6 has the ability to drive
lymphocyte differentiation as demonstrated by some studies where, in the presence of
TGF-B, T-cell responses are polarized towards a T-regulatory phenotype, whereas the
addition of IL-6 changes the phenotype of T-lymphocytes towards a Th17 pathogenic

phenotype (Bettelli et al., 2006).

3.6.2. Interleukin-10.

Interleukin-10 (IL-10), first known as “cytokine synthesis inhibitory factor” (CSIF),
was described as a novel immunoregulatory molecule secreted by type-2 T-helper cells
that were able to inhibit the synthesis of IL-2 and IFN-y in Th1 cells (Fiorentino, Bond,
& Mosmann, 1989; Mosmann & Coffman, 1989; Strle et al., 2001). IL-10 is one of the
most important immunoregulatory cytokines implicated in the immunological responses
in the periphery and almost all immune cells can produce it (Lobo-Silva, Carriche,
Castro, Roque, & Saraiva, 2016; Moore, de Waal Malefyt, Coffman, & O'Garra, 2001).

In the healthy CNS, both microglial and astrocytes produce IL-10 and the
expression of the IL-10 receptor (IL-10R) has been described on microglia, astrocytes,
oligodendrocytes, and neurons, depending on the type of injury (Ledeboer et al., 2002,
Mizuno, Sawada, Marunouchi, & Suzumura, 1994; Molina-Holgado, Grencis, &
Rothwell, 2001; Pousset, Cremona, Dantzer, Kelley, & Parnet, 2001; Strle et al., 2002;

Xin et al., 2011; Zhou, Peng, Insolera, Fink, & Mata, 2009).
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IL-10 is up-regulated after a wide range of CNS injuries including acute lesions,
such as TBI, or in neurodegenerative diseases like EAE and AD (Apelt & Schliebs,
2001; Burmeister & Marriott, 2018; Garcia et al., 2017; Ledeboer et al., 2003). Although
IL-10 has been classically defined with an anti-inflammatory profile, either beneficial
and detrimental effects have been described in several in vitro and in vivo models of
CNS injury, such as TBI, excitotoxicity and middle cerebral artery occlusion (MCAO),
among others (Arimoto et al., 2007; Park, Lee, Jin, & Lee, 2007; Spera, Ellison,
Feuerstein, & Barone, 1998; Xin et al., 2011). Moreover, different studies in the last
years indicate that the route of IL-10 administration is essential for their protective or
detrimental effects. Thus, we have previously demonstrated, that overproduction of IL-
10 promotes neuronal survival after FNA (Villacampa et al., 2015). Furthermore, a
complete prevention of EAE has been achieved by the intraparenchymal IL-10
administration, but when IL-10 was administered systemically there was no effect (Cua,
Hutchins, LaFace, Stohlman, & Coffman, 2001) or, in some cases, worsened the
disease (Cannella & Raine, 2004). Moreover, IL-10 also inhibits the expression of
chemokines, such as C-C motif ligand (CCL)2 and C-X-C motif ligand (CXCL)2, which
are implicated in the recruitment of monocytes, dendritic cells, neutrophils, and T cells

(Kopydlowski et al., 1999).

3.7. Perforant pathway transection as a model to clarify mechanisms
underlying inflammation response.
Perforant pathway transection (PPT) was established in the 1970s being one of the
first models used to study neuronal plasticity in the adult brain (Lynch, Matthews,
Mosko, Parks, & Cotman, 1972; Nadler & Cotman, 1978). This injury model consists in
the disruption of the main excitatory input from the entorhinal cortex to the dentate
gyrus (DG) of the hippocampus. Due to the highly laminated cytoarchitecture of the

DG, this model is considered particularly useful because the lesion affects only one of
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the many afferent fiber systems, making possible to easily recognize the denervated

from the non-denervated layers.

3.7.1. Fascia dentata in normal mouse: entorhino-dentate projections,
commissural projections, septo hippocampal projections.

The entorhinal cortex, through the perforant pathway (PP), is the main cortical source
of input that the hippocampus receives (Amaral & Witter, 1989). Ramoén y Cajal (1901)
described the presence of fibers connecting the entorhinal cortex to the fascia dentata
and hippocampus proper (cornu Ammonis). Electrophysiological studies had
demonstrated that the axons of the PP constituted a powerful excitatory input to the
hippocampus formed mainly by glutamatergic neurotransmitters (Adey, Merrillees, &
Sunderland, 1956; Amaral & Witter, 1989). The entorhinal cortex is divided into two
areas, the lateral entorhinal area (LEA) and the medial entorhinal area (MEA). Studies
using anterograde and retrograde tracers in mouse, confirms that LEA is the origin of
the lateral PP that terminates in the outer one-third of the molecular layer (ML) of the
DG; whereas the MEA is the origin of the medial PP that ends in the middle one-third
of the ML of the DG (van Groen, Miettinen, & Kadish, 2003). Moreover, it has been
described that these two perforant pathways showed physiological and histochemical
differences (Amaral & Witter, 1989). In contrast to other species, mouse projections to
the ipsilateral DG originate exclusively from neurons located in layer Il of the entorhinal
cortex, and then the crossed entorhinodentate projection is lack in mice brain (van
Groen, Kadish, & Wyss, 2002; van Groen et al., 2003).

The entorhinal cortex also projects to the CA3, CA1 and the subiculum of the
hippocampus. In the case of both CA3 and CA1, the terminals are located in the
stratum lacunosum moleculare (Stanfield, Caviness, & Cowan, 1979), whereas in the
subiculum the terminals are in OML. These projections originate predominantly from
neurons in layer lll, but a small number of neurons in the deeper layers of the

entorhinal cortex contribute to this projection. In mice, contralateral projection to the
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CA3 and CA1 has been demonstrated and originate from the layer Ill of the entorhinal
cortex. In the case of the subiculum, fibers are from both LEA and MEA, which is in

contrast to most other species where its origin is restricted to the MEA area (Figure 3).
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Figure 3. Hippocampal connections. The main inputs that hippocampus receives were from the
entorhinal cortex (EC) that forms connections with the dentate gyrus (DG) and CA3 pyramidal neurons via
the perforant path (PP). Specifically, the connections come from the lateral perforant pathway (LPP) and
the medial perforant pathway (MPP) (orange and green). CA3 neurons also receive stimuli from the DG
via the mossy fibres (red). CA3 neurons in turn send axons to CA1 pyramidal cells via the Schaffer’s
collateral (SC) (blue), as well as to CA1 cells in the contralateral hippocampus (blue). CA1 neurons also

receive input directly from the EC layer Ill neurons (brown).

3.7.2. Reorganization of the mouse fascia dentata after entorhinal cortex
lesion
PPT causes the lost of about 80-90% of all synapses in the dennervated ML of
the DG, followed by the reactive changes of nearby neurons that, by the mechanism of
the collateral sprouting, replace up to 60-80% of all lost synapses by 4 weeks
postlesion in rats (Deller, Del Turco, Rappert, & Bechmann, 2007). Several studies
have been described structural and collateral sprouting differences between mice and
rats. For example, in mice, the crossed PP seems to be almost absent (van Groen et
al., 2002; van Groen et al., 2003). We will only explain the fiber's reorganization in the

mouse because is the model that we used for the present study (Amaral & Witter,
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1989; Deller et al., 2007). Collateral sprouting in mice is produced by: 1) glutamatergic
commissural/associative (C/A) projections from mossy cells to the inner molecular
layer (IML), 2) GABAergic fibers to the OML and 3) cholinergic septohippocampal

fibers. In the following paragraphs we will describe it in detail. (Figure 4).
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Figure 4. Hippocampal reorganitzation after PPT. The molecular layer (ML) of the fascia
dentate is a highly laminated structure with afferent inputs mainly originated from the entorhinal cortex. ML
is divided in three specific regions: outer molecular layer (OML), medium molecular layer (MML) and inner
molecular layer (IML). The apical dendrites of DG granule cells (blue) extend into the ML. Left figure:
organization of ML in homestatic stage. The inner molecular layer (IML) is occupied by the glutamatergic
commissural/associational fibers (C/A) that arise from mossy cells in the ipsi- or contralateral hilus. The
middle and outer molecular layer (MML, OML) are occupied predominantly by the glutamatergic perforant
path (MPP, LPP), which originates in the ipsilateral entorhinal cortex. Cholinergic axons (ACh) from the
septal nuclei/diagonal band of Broca are interspersed throughout the molecular layer. Microglia (blue) and
astrocytes (brown) is located through the ML. Right figure: PPT disrupts both medial and lateral perforant
path evoking the elimination of the majority input into the dentate gyrus. Degeneration of these axons
promotes sprouting in a laminar specific manner. Hence, the number of septohippocampal (Ach) and
commissural/associational (C/A) increases in order to restore the synapsis loss. Microglia (orange) and

astrocytes (green) become rapidly activated. Adapted from (Perederiy & Westbrook, 2013).

Mossy cells are neurons located in the hilus of the dentate gyrus whose fibers,
called associational/commissural fibers, project both ipsilaterally and contralaterally

(Amaral & Witter, 1989). In mice, the mossy fibers are calretinin positive, which can
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facilitate the identification of their unmyelinated axons in the IML by
immunohistochemistry (Del Turco et al., 2003; Deller & Frotscher, 1997; Phinney,
Calhoun, Woods, Deller, & Jucker, 2004). In addition, an expansion of the entire C/A
termination zone was observed. However, this expansion of the IML should not be
used as an indicator of C/A sprouting in C57BL/6 mice (Del Turco et al., 2003).

A second projection system that contributes to the reinnervation of the PPT-
lesioned fascia dentata in rats is the GABAergic projections (Deller & Frotscher, 1997).
Although the GABAergic projection to the OML has been described in healthy mice, no
studies about the reorganization of these projections has been reported following PPT.

A third projection system contributing to the reorganitzation of the DG after PPT
is the cholinergic septohippocampal fibers. This connection includes the cholinergic
neurons located in the diagonal brand of Broca. In contrast to the C/A mossy fibers and
the PP, these projections terminate in all the ML of the DG (Amaral & Witter, 1989).
After PPT, an increase in the density of cholinergic (AChE-positive) fibers was
observed in the dennervated area (Phinney et al., 2004; Stanfield et al., 1979; van
Groen et al., 2002). Although these studies confirmed a significant increase in the
density of AChE-positive fibers in single sections, Phinney and colleagues did not
detect differences in the total length of AChE fibers concluding that the measurement
of AChE fiber density in the dennervated OML should not be used as an indicator of
cholinergic sprouting in mice.

Concomitant with this structural reorganization, morphological and functional
changes in the post-synaptic mature granule cells has also been observed. The loss of
the excitatory inputs in these granule neurons produces a retraction of dendrites,
evoking a reduction of dendritic arbors complexity in the denervated area (Vuksic et al.,
2011). In fact, around 90 days post-lesion a progressive lost of distal dendritic
segments has been described, showing some recovery by 180 days post-lesion

(Vuksic et al., 2011).
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3.7.3. Signals that induce and promote collateral sprouting.
Over the past years, the study of the molecules involved in the regulation of the
sprouting process has been a great interest. To identify the molecular and cellular
crucial players during the sprouting process, the PPT model is once again a useful
experimental paradigm. After PPT, these molecules has been identified as
neurotrophic factors including the nerve growth factor (NGF), BDNF, ciliary
neurotrophic factor (CNTF) as well as also compounds of the extracellular matrix
(ECM), like tenascin-C, DSD-1 proteoglycan, reelin, brevican and neurocan; most of

them produced by astrocytes (Deller, Haas, & Frotscher, 2001).

3.8. Microglia activation after PPT.
Microglia activation in the PPT paradigm has been extensively studied (citas). Few
hours after PPT, microglia located within the OML and the medium molecular layer
(MML) begin to display an activated morphology, which had developed slightly
hypertrophic cell bodies with stout proximal processes and decreased distal
ramifications. Around 24 hours after transection, microglial cells also begin to
accumulate at the border between MML and IML zone, which was partially depleted for
microglia (Dissing-Olesen et al., 2007). In the following hours, the morphological
transformation of microglia is more marked until acquiring a hypertrophic microglia of a
“bushy” appearance. During the first week, microglia activation persists and around the
second week microglia starts recovery their homeostatic phenotype. Moreover,
accumulation of groups of microglia cells was observed during the first days showing
the so-called microglia “nests”, which have been related with microglial proliferation
(Dissing-Olesen et al., 2007). This morphological change occurs in parallel to an up-
regulation of certain activation markers such as Iba1, CD11b, CD45, CD34 and Mac 1
(Finsen et al., 1999; Ladeby, Wirenfeldt, Garcia-Ovejero, et al., 2005) and adhesion
molecules like ICAM1, VLA-4 and LFA-1 (Hailer, Grampp, & Nitsch, 1999).

Furthermore, MHCII and CD86 expression was observed only by subpopulations of the
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PPT- induced activated microglia. The fact that microglial cells up-regulate molecules
related with both innate and adaptive immunity such as TLR2, MHC-Il and the co-
stimulatory molecule CD86 points to their active role in the cross-talk with infiltrating
leukocytes after PPT (Babcock et al., 2006; Bechmann, Peter, Beyer, Gimsa, & Nitsch,
2001).

PPT evokes a notable increase in the number of microglia/macrophages population
during the first week (Dissing-Olesen et al., 2007; Finsen et al., 1999; Hailer et al.,
1999; Ladeby, Wirenfeldt, Garcia-Ovejero, et al., 2005; Matthews, Cotman, & Lynch,
1976). Although microglia proliferation has been considered the main causes of
microglia expansion after PPT; cell migration from adjacent non-affected areas, such
as the IML, the CA1 and hilus and the recruitment of blood-derived cells also
participate in this population expansion. (Hailer et al., 1999; Jensen, Gonzalez,
Castellano, & Zimmer, 1994; Ladeby, Wirenfeldt, Dalmau, et al., 2005; Ladeby,
Wirenfeldt, Garcia-Ovejero, et al., 2005; Wirenfeldt et al., 2007). In parallel of all this
events, microglia cells produce a wide range of soluble factors, including several
cytokines such as TGFp1, IL-10, IL-6, IL-1B, TNF-a, IGF-1 and chemokines such as
CCL2 that participates in the lesion outcome and can be involved in sprouting
promotion (Babcock, Kuziel, Rivest, & Owens, 2003; Babcock et al., 2008; Finsen et
al., 1999; Grebing et al., 2016; Ladeby, Wirenfeldt, Garcia-Ovejero, et al., 2005).

A part of microglia activation, it is well described that PPT evokes leukocytes
infiltration, including macrophages and T cells (Babcock et al., 2003; Babcock et al.,
2008; Bechmann et al., 2005; Fux, van Rooijen, & Owens, 2008). In this context,
microglial cell “nests” have also been related with interaction with myelin specific T-
cells after PPT (Grebing et al., 2016).

As we mentioned above, transection of the PP also results in anterograde
axonal and a dense terminal degeneration, causing accumulation of myelin debris that

persists for several weeks until it is eventually cleared by phagocytic microglia (Jensen
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et al., 1994; Matthews et al., 1976). In this context, it has been reported the intracellular
presence of myelin basic protein (MBP) particles in activated microglia cells after PPT.
Altogether, the important role of microglial cells during the immune response
and their sensibility depending the milieu highlighted the importance to elucidate how
both pro-inflammatory and anti-inflammatory cytokines may play in regulating the
evolution and the outcome of PPT. In this context, the use of transgenic animals
producing (either IL-6 or IL-10) within the CNS will be useful a tool to understand the
role-played by these molecules in regulating glial and immune responses associated

with anterograde degeneration.
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4. HYPOTHESIS AND OBJECTIVES

Changes in the tissue microenvironment generated by modifications in specific

cytokines polarize microglia conditioning their response to an inflammatory process in

the central nervous system.

General objective:

To determine the modifications that local overproduction of IL6 and IL10 cytokines can

exert on microglia cells and their implication in the evolution and resolution of the

inflammatory process associated with an anterograde axonal injury.

Specific objectives:

1.

To analyze the effects of astrocyte-targeted IL-6 and IL-10 production on
microglial phenotype in the hippocampus under homeostasis.

To characterize the effects of astrocyte-targeted IL-6 and IL-10 production on
the pattern of microglial activation in the ML of the DG after PPT.

To analyze the influence of astrocyte-targeted IL-6 and IL-10 expression on the
monocyte/macrophage recruitment in the ML of the DG after PPT.

To determine the changes induced by astrocyte-targeted IL-6 and IL-10
production on lymphocyte infiltration and their differentiation in Th1, Th2, Th17
and T-reg in the ML of the DG after PPT.

To characterize the influence of astrocyte-targeted IL-6 and IL-10 expression on
the molecular interactions between microglia/macrophages cells and infiltrated
lymphocytes in the ML of the DG after PPT.

To analyze the changes induced by astrocyte-targeted IL-6 and IL-10
production on the profile of cytokines and chemokines expression after PPT.

To determine the changes induced by astrocyte-targeted IL-6 and IL-10

production on the communication microglia/neuron after PPT.
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8. To asses the influence of astrocyte-targeted IL-6 and IL-10 production on

collateral sprouting in the ML of the DG after PPT.
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5. MATERIAL AND METHODS
5.1. Experimental animals

GFAP-IL6Tg, GFAP-IL10Tg and their corresponding wild-type (WT) littermates of both
sexes were used in this study. Animals were bred at the Institute of Neurosciences of
the Universitat Autonoma de Barcelona (UAB), maintained at constant temperature (24
1+ 2 °C) and housed on a 12-hour light/dark cycle with food and water ad libitum during
all the experiment. All experimental animal work was conducted in accordance 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 Commission of the
UAB. All efforts were made to minimize the number of animals used to produce reliable

scientific data, as well as animal suffering.

5.2. Construction of GFAP-IL-10 fusion gene and production of transgenic
mice.

The full-length cDNA encoding murine IL-10 was cloned into a construct containing the
mouse glial fibrillary acidic protein (GFAP) promoter and the polyadenylation signal
sequence from the human growth hormone gene (hGH), as previously described
(Campbell, Stalder, Akwa, Pagenstecher, & Asensio, 1998). Briefly, the GFAP-IL-10
construct was microinjected into fertilized eggs from SJL/L mice. Transgenic offspring
were identified by PCR using genomic DNA extracted from tail biopsies for the
detection of hGH. The F1 offspring were backcrossed with the C57/BL6 strain for at
least 10 generations to obtain the GFAP-IL-10Tg mice used in our study along with

their corresponding wild-type (WT) littermates.
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5.3. Construction of GFAP-IL6 fusion gene and production of transgenic
mice.

Construction and characterization of the GFAP-IL6 transgenic mice was described
previously (Campbell et al., 1993). Briefly, an expression vector derived from the GFAP
gene was used to target expression of IL-6 astrocytes. A full-length cDNA for murine
IL-6 was modified by replacing the 3’ untranslated region with a 196-bp simian virus
(SV40) late-region fragment providing a polyadenylyation signal. Then, the GFAP
fusion genes were injected into fertilized eggs of (C57BL/6J x SJL) F1 hybrid mice, and
transgenic offspring were identified by slot-blot analysis of tail DNA with 32P-labeled

SV40 late-region fragment.

5.4. Lesion model and experimental groups
5.4.1. Perforant pathway transection

Adult (6-7 months-old) GFAP-IL6Tg, GFAP-IL10Tg and their corresponding WT mice
were subjected to wire-knife unilateral PPT. Briefly, animals were intraperitoneally (i.p.)
anaesthetized with a solution of ketamine (80mg/kg) and xylacine (20mg/kg) at dose of
0.1 mL/g body weight. Animals were fixed in a stereotaxic device (Kopf Instruments®)
and a drilled trepanation was made on the left side of the skull (4.6 mm dorsal to
Bregma and 2.5 mm laterally). A folded wire-knife (McHugh Milleux, m121) was
inserted at an angle of 15° anterior and 10° lateral. The knife was unfolded at 3.6 mm
ventrally and the perforant pathway was transected retracting the knife 3.3 mm. Finally,
the knife was folded, take it out of the brain, and the skin was sutured with 2-0 silk and
clean with iodine.

Non-lesioned and lesioned animals were distributed in different experimental groups
for immunohistochemistry (IHC), flow cytometry and protein analysis, as detailed in

Table 1.
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5.5. Inmunohistochemistry techniques
5.5.1. Tissue processing for IHC
Animals were i.p. deeply anaesthetized with a solution of ketamine/xylacine, as
described above but injected at dose of 0.15 mL/g , and then intracardially perfused for
10 min with 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4). For Timm
staining, animals were injected intraperitoneally with sodium selenite (10 mg/Kg) one
hour before the sacrifice. Brains were immediately removed and post-fixed for 4h at
4°C in the same fixative. Subsequently, after phosphate buffer rinses, samples were
cryopreserved for 48h in a 30% sucrose solution and frozen with 2-methylbutane
solution (320404, Sigma-Aldrich). Series of transversal parallel sections (30-um-thick)
were obtained using a Leica CM3050 cryostat and stored in free-floating Olmos anti-

freeze solution at -20°C until used.

5.5.2. Immunohistochemistry and immunofluorescence

For single immunohistochemistry, sections were washed several times with 0.05M Tris-
buffered saline (TBS) pH 7.4 and with TBS containing 1% Triton-X100 (TBST, pH7.4).
In the case of Pu.1 staining, sections were exposed to antigen retrieval protocol by
treatment with sodium citrate buffer (pH 8.5) for 40 min at 80°C. Subsequently, after 10
min of endogenous peroxidase blocking with 2% H,0; in 70% methanol, sections were
blocked for 1h in blocking buffer solution-1 (BB-1) containing 10% fetal bovine serum
and 0.3% bovine serum albumin in TBST. After that, sections were incubated overnight
at 4°C followed by 1h at room temperature (RT) with primary antibodies diluted in BB,
as specified in Table 1.

Sections from spleen and gut were used as positive control and sections incubated in
BB-1 lacking the primary antibody were used as negative control. After washes with
TBST, sections were incubated for 1h at RT with their respective secondary antibody
(Table 1) diluted in BB. After 1h at RT in streptavidin-peroxidase, the reaction was

visualized by incubating the sections in 3,3-diaminobenzidine (DAB) kit (SK-4100;
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Vector Laboratories, USA) following the manufacturer’s instructions. Finally, sections
were mounted on slides, counterstained with 1% toluidine blue, dehydrated in graded
alcohols and, after xylene treatment, coverslipped with DPX.

For double immunolabelling, sections were firstly processed as described above, but
using a fluorochrome conjugated antibody as secondary antibody (Table 1). After
several washes with TBST, sections were incubated for 1h at RT in BB. After washes,
sections were incubated with secondary primary antibodies (Table 1), diluted in BB,
overnight at 4°C followed by one additional hour at RT. Subsequently, sections were
washed with TBST and incubated with biotinylated secondary antibody (Table 1).
Finally, sections were washed with TBST, followed by TBS and TB and the nuclei

stained with 4,9,6-diamidino-2-phenylindole (DAPI) for 10 min (Table 1).

5.6. Terminal dUTP Nick End Labeling (TUNEL)
For Tunel staining, sections were mounted on slides and treated for 5 min with 100%
methanol for endogenous peroxidase blocking. Then, sections were rinsed in 10 mM
Tris buffer (pH 8) and 5 mM EDTA followed by incubation for 15 min at RT in the same
buffer plus Proteinase K (20 ng/mL). After several washes with 5 mM EDTA, sections
were incubated for 10 min at RT in TdT buffer containing 30 mM Tris, 140 mM sodium
cacodilate and 1 mM cobalt chloride (pH 7.7). Sections were then incubated for 20 min
at 37°C in TdT buffer plus 0.161 U/uL TdT enzyme (Terminal Transferase, 3333566
Roche, Manheim, Germany) and 0.0161 nmol/uL of biotin-16-dUTP (1093070, Roche,
Manheim, Germany). The reaction was stopped by submerging sections twice in citrate
buffer (300 mM sodium chloride, 30 mM sodium citrate, 5 mM EDTA) for 5 min. After
several washes with TBS, sections were incubated for 1 hour at RT with horseradish
peroxidase-conjugated streptavidin (Table 1) and the peroxidase reaction visualized by
incubation in a 3,3-DAB kit plus 1% of cobalt (SK-4100; Vector Laboratories, USA),

following the manufacturer’s instructions. After that, sections were incubated with Iba1
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antibody (1:1000) (Table 1) using the same protocol described in the single IHC
section. Sections from gut were used as positive control. Finally, sections were

dehydrated in graded alcohols and, after xylene treatment, coverslipped in DPX.

5.7. FD Neurosilver kit™
Degenerative fibers in the OML and MML of the DG after PPT were analyzed on
sections stained using the FD Neurosilver kit™ (PK301A, FD Neurotechnologies)
according to manufacturer’s instructions. Briefly, sections were incubated with 4% of
PF for 7 days at 4°C. After washes with destilated water, sections were incubated two
times with solution A and B for 10 min each followed by incubation with solutions A, B
and E for 10 min. Sections were then incubated two times with the mixture of solution
C and F for 2 min. After that, sections were incubated with the solution D and F for 5
min followed by several washes with distilled water and solution G. Finally, sections

were mountes in slides, dehydrated in xylene treatment coverslipped with DPX.

5.8. Timm Staining
Sprouting evaluation was done using the Timm staining technique, which reveals zinc
and other heavy metals mainly located in the hippocampal mossy fibers. Sections were
incubated to visualize metal precipitates, as described by Danscher (1982). Briefly,
slides were rinsed for 15 min in 95% EtOH, then 2 minutes each in 70% alcohol, 50%
alcohol and rinsed again for 30 min with dH,O. Following rehydration, sections were
incubated with the developer solution that contains arabic gum, sodium citrate,
hydroquinone and silver lactate for 60 min in a water bath at 26°C and protected from
light (Danscher 1981). After that, sections were incubated for 12 min in 5% sodium
thiosulfate and rinsed again with distillated water. Sections were postfixated for 30 in

70% of alchohol, dehydrated in xylene treatment and coverslipped with DPX.
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5.9. Analysis and quantification

Densitometry quantification was performed with at least three WT and three
Transgenic animals per group were analyzed. A total of 9 photographs from 3 different
sections per animal containing the deafferented ML of DG in lesioned animals and the
equivalent area in the NL were captured using the 20x 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®, both the percentage
of area occupied by the immunolabelling as well as the intensity of the immunoreaction
(Mean Grey Value Mean) was recorded for each photograph. The Al index (Almolda et
al., 2015) was calculated as function of the percentage of the immunolabelled area and
the Mean Grey Value Mean.

Quantification of cell density was obtained using the “Automatic Cell Counter”
(ITCN) plug-in from NIH Image J® software (Wayne Rasband, National Institutes of
Health, USA). Data were expressed as cellss/mm® In this case, a total of 6
photographs from 3 different sections per animal containing the deafferented ML of DG
in lesioned animals as well as the equivalent area in the NL were captured with the 10x
objective, using the same device and software referred above.

For manually quantification, cells in the ML of DG were manually counted on 20
different sections per animal using a 20x objective. Data were averaged and

represented as cells/section.

5.10. Flow cytometry
5.10.1. Tissue processing
Animals were i.p. anaesthetized, as described above, and intracardially perfused for 1
min with cold 0.1M phosphate buffer solution (PBS). The brain was removed and the

entire hippocampus was quickly dissected out.
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5.10.2. Flow cytometry protocol
The phenotype of microglia/macrophage and lymphocyte populations in NL and PPT-
lesioned animals were analyzed using flow cytometry as previously described
(Almolda, Costa, Montoya, Gonzalez, & Castellano, 2009). In order to obtain a cell
suspension, samples were dissociated through 140 ym and 70 ym meshes and
digested for 30 min at 37°C using type IV collagenase (17104-019, Life Technologies)
and DNAsa | (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. Myelin in the upper layer was
removed. 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 4°C
in a solution of purified CD16/32 diluted in PBS plus 2% serum. Afterwards, cells were
labelled for 30 min at 4°C with their respective antibodies (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 Count™ 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.

5.11.Molecular biology techniques
5.11.1. Tissue processing
Anaesthetized animals, as described above, were intracardially perfused for 1 min with
0.1M phosphate buffer solution (PBS), the brain was removed and the entire
hippocampus was dissected out, snap frozen individually in liquid nitrogen and stored

at -80°C until be used.
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5.11.2.Enzyme-Linked ImmunoSorbent Assay (Elisa)
M-CSFR ELISA kit (MBS176501, MyBioSource) was performed according to
manufacturer’s instructions. Briefly, 100 pyL of standards and hippocampus samples,
with a final total protein concentration of 1 pg/uL, were added to the pre-coated plate
and incubated for 90 min at 37°C. Subsequently, the plate was incubated with 100 pL
of biotinylated anti-mouse M-CSFR antibody for 60 min at 37°C. After three washes
with PBS, 100 pL of Avidin-Biotin-Peroxidase Complex (ABC) solution was added to
the plate and incubated for 30 min at 37°C followed by several washes with PBS. After
that, samples were incubated with 90 uL of 3,3',5,5'-Tetramethylbenzidine (TMB) for 20
min at 37°C, followed by 100 yL of TMB stop solution to each well. Finally, iMark
Microplate Reader (Biorad) was used to read the plate at 450 nm. Data were

expressed as pg/mL of protein.

5.11.3.Multiplex assays using Luminex®
The cytokines and the chemokines levels were analyzed using a Milliplex® MAP
Mouse Cytokine/Chemokine kit (#MCYTOMAG-70K, Merck Millipore) according to
manufacturer’s instructions. Briefly, 25 uL of each hippocampus extracts with a final
total protein concentration of 2.5 ug/uL were added to the plates, along with the
standards in separate wells, containing 25 uL of custom fluorescent beads and 25 uL
of matrix solution, and incubated overnight at 4°C in a plate-shaker (750 rpm). After
two washes with wash buffer (1x), the plate was incubated with 25 pL of detection
antibodies for 30 min at RT followed by incubation with 25 pL of Streptavidin-
Phycoerythrin for 30 min at RT in a plate-shaker (750 rpm). Finally, the plate was
washed twice with wash buffer and 150 pL of Drive fluid was added. 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.
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5.12.Statistical analysis
Statistics were performed using the Graph Pad Prism 5.0 ® software. Unpaired
Student’'s T-test to compare between WT and transgenic animals was used to
determine significant differences. All experimental values were expressed as mean

values + SEM.
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6. SUMMARY OF RESULTS AND DISCUSSION

This doctoral thesis is the compendium of the studies we have done to characterize the
effects of chronic CNS-local overproduction of either IL-6 or IL-10 on microglial
phenotype in homeostatic conditions and the pattern of microglial activation, leukocyte
infiltration, cytokine/chemokine expression and sprouting process associated to
anterograde degeneration. Specifically, along these studies, two lines of transgenic
mice producing the pro-inflammatory IL6 or the anti-inflammatory IL10 using GFAP as
promoter and expressed by astrocytes, were used: the GFAP-IL6Tg, characterized
more than twenty years ago (Campbell et al., 1993), and the GFAP-IL10Tg generated

in our laboratory and described by our research team (Almolda et al., 2014).

6.1. Chronic overexpression of IL6 or IL10 induces modifications in the NL
hippocampus
6.1.1. Both IL6 and IL10 overexpression induces an increase in the number of
microglia/macrophages and modifies their phenotype.
In NL conditions, both GFAP-IL6Tg and GFAP-IL10Tg mice show differences in the
microglial population compared to WT, characterized by an increased number of
microglia/macrophages and changes in their phenotype. Specifically, both animals
presented higher number of CD11b+/CD45'°"™ and CD11b+/CD45"" cells (Article 1
and 2). Due to the lack of differences in proliferation, we suggested that chronic
production of IL6 and IL10 could modulate the microglial population dynamics by either
modifying the trafficking of monocytes, as we will explain below, or even changing the
events of microglial colonization during development. In fact, preliminary results from
our laboratory revealed higher numbers of microglial/macrophages in the hippocampus
of NL GFAP-IL6Tg and NL GFAP-IL10Tg animals also during postnatal stages.
We also observed an altered microglial phenotype in both GFAP-IL6Tg and
GFAP-IL10Tg mice, presenting 1) markers of general activation (higher Iba1, CD11b

and CD45); 2) markers indicative of the activation of the phagocytic machinery (more
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CD16/32 and CD68) and 3) higher expression of CD200R, pointing to modifications in
the communication with neurons by CD200 (Article 1 and 2)(Figure 2-3). However,
both transgenic animals presented particularities in this activated microglial phenotype.
Additionally to all the mentioned markers, microglial cells in GFAP-IL10Tg animals also
present the novo expression of CD150, a glycoprotein receptor, associated to T cell
interactions (Howie et al., 2002). Several studies demonstrated that IL10 induces
CD150 expression in microglial cells resulting in impaired T-cell responses (Almolda et
al., 2015; Mantovani et al., 2004; McBride, Jung, de Vries, & Aversa, 2002; Zhang,
Zhang, & You, 2018). In GFAP-IL6Tg mice, on the other hand, we highlight the
apparition of a unique CD11b*/CD45""/MHCII/CD86" microglia population in the
parenchyma, suggesting that CD86 probably develops an alternative role
independent of MHCII (Article 2). Nolan et al found a similar phenotype in peripheral
macrophages associated with innate immune responses (Nolan et al., 2009).

In parallel to changes in the microglial phenotype, we also reported
modifications in the population of perivascular macrophages (PVM). Indeed, while in
NL WT and NL GFAP-IL10Tg mice PVM express MHCII and CD86, confirming their
role as APCs, in NL GFAP-IL6Tg animals PVM additionally express CD80 (Article 1
and 2). The apparition of this costimulatory molecule, usually induced only later after
activation (Sharpe & Freeman, 2002), exclusively in this transgenic animal indicates
that chronic production of IL6 generates an inflammatory environment that is able to

transform PVM in the APC observed in chronic neuroinflammatory situations like EAE.

6.2. Both IL6 and IL10 induces infiltration of peripheral immune cells
Concomitant to microglial modifications, transgenic animals also presented a
higher infiltration of peripheral immune cells in homeostatic conditions. Both GFAP-
IL6Tg and GFAP-IL10Tg mice presented major number of intraparenchymal
monocytes (CD11b/CD45""/Ly6C* cells), phenomenon that could participate in

increasing the number of microglia/macrophages cells in these animals. Regarding
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lymphocytes, only GFAP-IL6Tg mice presented a higher number of T cells in the NL
parenchyma (Article 1 and 2). Among all the T cells subtypes studied, it is interesting to
mention that GFAP-IL6Tg animals show increased presence of CD4" T-helper, CD8" T-
cytotoxic and CD3'/CD47/CD8 & T cells (Article 2). In in vitro studies, it was
demonstrated the ability of IL6 to induce a unique non-classical effector CD8" T cell
subpopulation, called Tc17, whose primary function is to contribute to inflammation and
the infiltration of lymphocytes and myeloid cells and characterized by a higher
production of IL-17 (Gartlan et al., 2015; Mittrucker, Visekruna, & Huber, 2014). In our
study we demonstrate higher IL17 production together with higher presence of CD8+
T-cells opening the possibility that these T-cells could correspond to the Tc17
subpopulation (Article 2). In the case of GFAP-IL6Tg, modifications in the peripheral
immune cell’s trafficking could be attributed to the disruption of the BBB, as widely
reported (Brett, Mizisin, Powell, & Campbell, 1995; Campbell et al., 1993). However the
explanation underlying this result in GFAP-IL10Tg remains unknown, as no apparent
alterations in the BBB or in the principal chemoattractant molecules, CXCL10 and
CCL2, were reported in these mice in homeostasis (Article 1).

Due to the changes observed in the infiltration of T-cells as well as in the
costimulatory molecules in both parenchymal microglial/macrophages and PVM
populations, we want to explore whether these populations are really communicating to
each other. Then, we analyse the expression of CD28 and CTLA-4, the principal co-
receptors of CD86 and CD80, in T-cells. Our results show that although NL GFAP-
IL6Tg mice presented PVM with enhanced costimulatory machinery, with CD80 and
CD86, the higher number of infiltrated T cells do not express either CD28 or CTLA-4,
indicating that PVM do not activate T-cells, at least in a CD28 and CTLA-4-dependent
manner (Article 2). In this sense, some studies suggested that CD80/CD86
costimulation by APCs could be produced through an alternative receptor like CD276

(Janakiram et al., 2017; Mandelbrot et al., 2001).
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Finally, we also observed differences in the cytokine milieu in the hippocampus
of both transgenic animals. These differences are higher in GFAP-IL6Tg mice, showing
increased in the pro-inflammatory IL-6 and IL-17 and the anti-inflammatory IL-10 and
IL-13 cytokines, but mild in GFAP-IL10Tg mice with only IL10 up-regulation (Article 1
and 2). It is important to mention that although GFAP-IL6Tg mice show a BBB
disruption, the IL6 serum levels in this transgenic animal shows no differences with WT
discarding and effect of astrocyte-targeted production of IL6 on the peripheral immune
system (Article 2).

Taking all the results of both transgenic NL animals, we hypothesize that
microglial cells in both GFAP-IL6Tg and GFAP-IL10Tg are in a “primed” state as a
consequence of the chronic and local production of IL6 and IL10. The different
environments generated in transgenic animals would act as a polarization stimuli,
conditioning the response of microglia cells to a second stimulus. The concept of
primed microglia was first described as an altered microglial activation state produced
by the presence of an initial inflammatory stimuli, such as LPS-administration, but
actually was also observed in physiological processes like aging (Garner, Amin,
Johnson, Scarlett, & Burton, 2018; Neher & Cunningham, 2019; Niraula, Sheridan, &
Godbout, 2017). Apart from their activation state, the response of primed microglial to a
second inflammatory stimuli, is different, either enhancing or supressing their activation
depending on the type, duration and intensity of the initial stimuli (Neher &
Cunningham, 2019). Hence, if our hypothesis is true, we expect that the primed
microglia observed in GFAP-IL6Tg and GFAP-IL10Tg will respond different to a

second stimulus, which in our case was the transection of the perforant pathway.
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6.3. Chronic overproduction IL-6 and IL-10 modulates the immune response
after PPT

After the second stimuli, the PPT lesion, microglial cells observed in GFAP-

IL6Tg and GFAP-IL10Tg animals respond differently compared to its respective WT.

As we will explain in the following paragraphs, the number and the phenotype of

microglial cells, the infiltration of peripheral immune cells, specially T cells, as well as

the cytokine environment are modified in both transgenic animals. These alterations

induce changes in one of the aspects of the resolution of the injury, the axonal

sprouting process. Thus, while in GFAP-IL10Tg animals no difference compared to WT

is observed in the ability to generate axonal sprouting, GFAP-IL6Tg animals showed a

reduction in this property.

6.4. Chronic overproduction of IL-6 and IL-10 modifies microglia cell density
and phenotype.

In the PPT paradigm, microglial cells located in the dennervated areas (the OML and
MML) of the DG, rapidly respond changing their morphology and upregulating a wide
range of molecules related with general activation like Iba1, CD45 and with the antigen
presentation functions like MHCII and CD86 (Bechmann et al., 2001; Jensen, Finsen,
& Zimmer, 1997; Wirenfeldt et al., 2005; Wirenfeldt et al., 2007). Microglial cells also
reacts increasing their proliferation rate at early time points and phagocytise the debris,
derived from PP degenerating fibers, which have accumulated in the dennervated
area. Although microglia proliferation has been considered the main causes of
microglia expansion after PPT; it is well established that microglia from non-affected
area, such as the IML, the CA1 and the hilus, migrates to the OML and MML also
participating in the immune response (Hailer et al., 1999; Jensen et al., 1994; Ladeby,
Wirenfeldt, Dalmau, et al., 2005; Ladeby, Wirenfeldt, Garcia-Ovejero, et al., 2005;
Wirenfeldt et al., 2007). Finally, microglia cells return to homeostatic phenotype while

the sprouting process is taking place.
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In the present study we observe that microglial activation in both GFAP-IL6Tg
and GFAP-IL10Tg presented a different pattern characterized by an increased number
of cells and changes in their phenotype related mainly to their phagocytic capacity and
their antigen presenting skill (Article 1 and 2). The increased microglial/macrophage
cell density observed in GFAP-IL6Tg mice is associated to higher proliferation,
correlating with the well described role of IL-6 promoting microglial proliferation (Kloss,
Kreutzberg, & Raivich, 1997; Streit, 2000), and with the increased recruitment of bone
marrow derived monocytes (Ly6C*) as a result of the BBB breakdown and the
increased levels of chemokines (CXCL10 and CCL2) (Article 2). However, in GFAP-
IL10Tg the augmented density of microglia/macrophages is only induced by monocyte
recruitment, due to the higher levels of chemokines, as no modifications in the BBB
integrity and lower proliferation rate were observed after PPT (Article 1).

However, despite both transgenic animals presented increased number of
microglia/macrophage population, when the dynamics of microglial activation along the
lesion is compared to their respective NL animals, the net change in
microglial/macrophage cell activation after PPT is less pronounced in both GFAP-
IL6Tg and GFAP-IL10Tg mice than in WT. Moreover, comparing the activation profile
of both CD11b+CD45°*™ and CD11b+CD45"" populations, we suggested that they
probably develop similar functions as they shared major part of activation markers
(Article 1 and 2).

Concomitant with these differences in the microglia/macrophage cell density,
microglial cells also display an altered microglial activation pattern in both transgenic
animals after PPT compared to their WT. Microglial/macrophage population in both
GFAP-IL6Tg and GFAP-IL10Tg mice shows increased levels of general activation
markers (Iba1, CD11b and CD45), higher levels of molecules related with phagocytosis
(CD68, CD16/32) as well as elevated levels of CD200R, a molecule involved in the

microglia-neuron crosstalk (Article 1-2 and Figures 2-3).
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Phagocytic activity is considered an important feature of microglial activation
phenotype after CNS damage. In the present study, although both transgenic animals
expressed elevated levels of CD68 and CD16/32, exclusively GFAP-IL6Tg also
presented higher expression of TREM2, a myeloid receptor associated to phagocytosis
(Manich et al., 2020)(Figure 2). Several studies in demyelinating models, like EAE or
cuprizone, associate TREM2 induction with a more efficient phagocytosis of myelin
(Takahashi, Rochford, & Neumann, 2005). In fact, in TREM2KO mice, microglia cells
presented less activation and were inefficient phagocyting myelin debris (Nugent et al.,
2020; Piccio et al.,, 2007; Poliani et al., 2015). The singular higher expression of
TREM2 in IL6 transgenic animal leads us to think that the phagocytosis in these
animals will be more efficient. However, surprisingly, GFAP-IL6Tg showed higher
presence of Neurosilver® degenerating fibers in the dennervated area (Article 2 and
Figure 4), indicating an inefficient elimination of debris, as already demonstrated in
these transgenic mice line on the cuprizone model (Petkovic, Campbell, Gonzalez, &
Castellano, 2016). Then, the elevated TREM2 levels observed should be related to
another microglial functions. In fact, a part from their phagocytic particularities,
emerging evidence indicates that TREM2 modulates neuroinflammation polarizing
overactivated microglial inflammatory features to a protective microglial phenotype in
neurodegenerative diseases like AD or PD (Xue & Du, 2021; Y. Zhang et al., 2018).
Their suppressive neuroinflammatory properties has been linked to a reduction of pro-
inflammatory mediators, such as IL-1 and TNF-a, and increased release of anti-
inflammatory cytokines like IL-10 and TGF-f, when TREM2 is upregulated (C. Li, Zhao,
Lin, Gong, & An, 2019; Ulland et al., 2017; Zhong et al., 2017). Therefore, the
upregulation of TREM2 in GFAP-IL6Tg mice would be one of the responsibles of the
higher levels of IL-10 observed in these animals through the NF-kB microglial
signalling (C. Li et al., 2019).

In parallel, as part of their microglial activation phenotype, we described for the
first time the expression of CD200R in the PPT paradigm. Although the CD200R
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pattern of expression correlates with the microglial activation phenotype window in all
the genotypes studied, both GFAP-IL6Tg and GFAP-IL10Tg mice show higher levels of
CD200R at earlier time points (Figure 3). Several studies associate modifications in the
CD200-CD200R axis with tissue protection during CNS inflammation (Manich et al.,
2019). For example, ablation of CD200 or blockage of CD200R after SCI produced a
pro-inflammatory and an activated microglia/macrophage profile impairing recovery
(Cohen et al., 2017; Lago, Pannunzio, Amo-Aparicio, Lopez-Vales, & Peluffo, 2018).
This protective role and neurorepair features were linked to the CD200 capacity to
promote the expression of neurotrophic factors, such as GDNF, by either a direct
interaction with microglial CD200R o indirectly by binding to other putative receptors
(Bespalov & Saarma, 2007; Manich et al., 2019; Turner, Eren-Kocak, Inui, Watson, &
Akil, 2016; Varnum, Kiyota, Ingraham, lkezu, & lkezu, 2015). Interestingly in this
regard, in parallel to higher CD200R, we observe an earlier downregulation of CD200
only in GFAP-IL6Tg mice correlating with lower collateral sprouting (Article 2 and
Figure 3). These results pointed towards CD200-CD200R interaction as a candidate to
participate in axonal sprouting along the PPT paradigm.

Finally, concerning microglial APCs functions, both transgenic animals present
modifications in MHCII and CD11c expression compared to their respective WT. While
GFAP-IL10Tg mice showed a reduction of microglia cells expressing either MHCII or
CD11c (Article 1); GFAP-IL6Tg animals do not show parenchymatic MHCII" or CD11¢”
microglia at any time of the lesion, being this phenotype restricted to PVM population
(Article 2). These results imply that IL6-induced activated microglia are inadequate to
act as APCs and thus to drive an adaptive immune response; whereas IL-10 induces a
downregulatory phenotype during the adaptive immune response of PPT. It is
important to mention here, that both GFAP-IL6Tg and GFAP-IL10Tg animals showed
higher levels of IL10, a potent inhibitor of MHCII expression on macrophages and
microglia (Article 1 and 2) (Kremlev & Palmer, 2005; Lodge & Sriram, 1996; Mittal,

Cho, Ishido, & Roche, 2015; Sawada, Suzumura, Hosoya, Marunouchi, & Nagatsu,
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1999), pointing towards IL10 as the responsible of the variations in MHCII expression
observed in both transgenic animals. Similarly, glioma cancer stem cells (gCSCs)
supress adaptive immunity producing high amounts of IL-10 and other anti-
inflammatory cytokines, like TGFp, with the aim to inhibit the expression of
costimulatory molecules driving microglia/macrophages to an immunosuppressive

state (Rolle, Sengupta, & Lesniak, 2012; Sevenich, 2018; A. Wu et al., 2010).

6.5. IL-6 and IL-10 astrocyte targeted production increases peripheral immune
cells infiltration

Apart from microglial activation, it is well described that PPT evokes leukocytes
infiltration, including monocytes, macrophages and T cells (Babcock et al., 2003;
Babcock et al., 2008; Bechmann et al., 2005; Fux et al., 2008). It is well established
that peripheral monocytes reached the brain parenchyma early after PPT and
transformed to ramified microglia (Kaminski et al., 2012). Regarding the lymphocyte
infiltration, T cells entrance to the dennervated area is produced in two waves, the first
around 48 hours and the second at 7 dpl. Although microglial cell “nests” have been
related to interaction with myelin specific T-cells after PPT (Grebing et al., 2016), the
main function of both leukocyte populations remains unknown in the PPT paradigm.

In the present study, both GFAP-IL6Tg and GFAP-IL10Tg mice show a higher
number of CD11b*/CD45""Ly6C+ monocytes as well as increased number of T cells
compared to WT. The altered pattern of T cell infiltration consists in a continuous
entrance of cells being impossible to distinguish the two waves of entrance observed in
WT (Article 1 and 2). However, when we analyse the presence of costimulatory
molecules in these T-cells, again, we do not observed neither CD28 nor CTLA4 in
GFAP-IL6Tg mice, supporting our hypothesis commented in the NL animals that the T-
cells are not activated in this paradigm, at least using the classical B7-CD28/CTLA4
signalling (Article 2). This greater presence of peripheral immune cells and their

persistence along the progression of the lesion, correlated with increased levels of
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CCL2 and CXCL10 in both transgenics (Article 1 and 2). Moreover, as we commented
above, we have to take in consideration that GFAP-IL6Tg also presented BBB
breakdown contributing together with these chemokines to the peripheral cell

recruitment.

6.6. IL-6 and IL-10 astrocyte targeted production modifies
cytokine/chemokine environment
In the PPT paradigm and in parallel to all the events previously mentioned, some
studies described that microglia cells produce a wide range of soluble factors, including
cytokines such as IL-1B, TGFB1, TNF-a, IGF-1 and chemokines such as CCL2 that
participates in the lesion outcome (Babcock et al., 2003; Babcock et al., 2008; Finsen
et al., 1999; Grebing et al., 2016; Ladeby, Wirenfeldt, Garcia-Ovejero, et al., 2005).

In addition to the already discussed modifications in chemokines involved in the
recruitment of macrophages and T cells, GFAP-IL6Tg and GFAP-IL10Tg animals
showed an altered cytokine milieu that may drive the type of the immune response
generated in the dennervated areas of these mice. In this sense, chronic
overproduction of IL6 results in increased levels of both IL6 and IL-1f, two classical
pro-inflammatory cytokines strongly related with the innate immune response
(Dinarello, 2018; Hewett et al., 2012; Lobo-Silva et al., 2016; Mori, Maher, & Conti,
2016; Swardfager, Winer, Herrmann, Winer, & Lanctot, 2013). On the other hand,
chronic overproduction of IL-10 causes an anti-inflammatory environment
characterized by increased levels of TGFB and downregulated levels of IL2 and IFNy,
giving raise a deactivated microglia phenotype (Article 1 and 2). Furthermore, the lack
of differences in the shift of T lymphocyte subtypes observed in GFAP-IL6Tg mice
would be explained by the unaltered levels of two cytokines closely related to T-cell
differentiation, the IL17 and the IL13, observed in this mice after PPT (Article 2)

(Waisman, Hauptmann, & Regen, 2015).
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6.7. Chronic overexpression of IL-6 reduces collateral sprouting whereas no
effects are observed in GFAP-IL10Tg mice
An appropriately regulated inflammatory response after nerve injury is essential
for axon regeneration and recovery. Cytokines participated in the axonal growth after a
CNS damage being IL-6 and IL-10 two of the most studied in this phenomenon. In the
case of IL-6, they direct contribution to axonal repair is controversial because both
detrimental and beneficial role have been attributed; whereas IL-10 is mainly
associated with promoting nerve regeneration (Atkins et al., 2007; Hakkoum, Stoppini,
& Muller, 2007; Jancalek, Dubovy, Svizenska, & Klusakova, 2010; Koulaxouzidis et al.,
2015; Sakalidou, Leibig, Boyle, Koulaxouzidis, & Penna, 2011; Shuto et al., 2001;
Siqueira Mietto et al., 2015; Yang, Wen, Ou, Cui, & Fan, 2012) PPT paradigm is a well-
established model used to study axonal sprouting. This axonal sprouting is produced
when fibers from non-deafferentated areas growth in an attempt to supply the loss of
afferences produced in the granular neurons as a result of the transection of the
perforant pathway. Collateral sprouts could derive from different near areas such as 1)
glutamatergic C/A projections from mossy cells to the IML, 2) GABAergic fibers to the
OML and 3) cholinergic septohippocampal fibers. Although various techniques are
described to study the collateral sprouting such as the detection of AChE cholinergic
fibers, the visualizing of mossy fibres through Timm staining were one of the main
characterized (Del Turco et al., 2003; Deller et al., 2007; Drojdahl, Hegelund, Poulsen,
Wree, & Finsen, 2002).
One of the most interesting results in this thesis is that IL-6 chronic overproduction
impairs collateral sprouting after PPT (Article 2); whereas no differences were
observed in GFAP-IL10Tg mice (Figure 5). In the case of GFAP-IL6Tg mice, in parallel
to the deficient microglial phagocytosis of degenerating fibers, the inefficacy of this
microglia to express an APC phenotype, and the modified CD200-CD200R axis, the
persistence of a pro-inflammatory cytokine environment in these transgenic animals

could also worsen collateral sprouting. In this line, several studies described that the
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expression of pro-inflammatory cytokines, like TNF-a and IL-13, promotes the
astrocyte secretion of proteoglicans, a compounds of the extracellular matrix with
widely-demonstrated inhibitory role of axonal sprouting (Deller et al., 2001; Gu et al.,
2007; Haas, Rauch, Thon, Merten, & Deller, 1999; Siebert, Conta Steencken, &

Osterhout, 2014; Thon et al., 2000).
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7. CONCLUSIONS

The results obtained in this thesis indicate that chronic and local exposure to IL6 and

IL10 polarized the microglia towards a primed phenotype. Once they are exposed to a

same second stimulus, the PPT paradigm, they present a different microglial activation

profile conditioned by the first stimuli. Specifically, IL6-primed microglia present an

activated profile unable to acquire an antigenic presentation function; whereas IL10-

primed microglia shows a downregulated APC phenotype after PPT. These changes in

microglial population only modify the outcome of lesion in GFAP-IL6Tg mice avoiding

the generation of a pro-regenerative environment.

Specific conclusions:

Both IL-6 and IL-10 chronic overproduction have the capacity to polarize
microglial phenotype in steady state.

Astrocyte-targeted production of IL-6 and IL-10 increases
microglial/macrophage density after PPT.

Both IL-6 and IL-10 chronic overproduction increases microglial phagocytic
machinery, although only IL-6 induces higher levels of TREM2 after PPT.

IL-6 chronic overexpression reduces the clearance of neurodegenerating fibers
in the dennervated area after PPT.

Both IL-6 and IL-10 chronic overproduction increases the expression of
chemokines promoting monocyte/macrophage recruitment after PPT.
Astrocyte-targeted production of IL-6 and IL-10 increases the recruitment of
lymphocytes to the dennervated area after PPT.

IL-6 and IL-10 chronic overproduction modifies the antigen presenting capacity
of microglial cells worsening their interaction with recruited lymphocytes after

PPT.
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IL-6 chronic overproduction increases IL-6 and IL-18 pro-inflammatory
cytokines, associated to innate immune response; and shows elevated levels of
the anti-inflammatory cytokine IL-10 after PPT.

IL-10 astrocyte targeted production generates an anti-inflammatory
environment mainly with higher TGFf and lower IL-2 and IFN-y after PPT.

Both astrocyte-targeted production of IL-6 and IL-10 interferes in the
communication between microglia and neurons trough the CD200R-CD200 axis
after PPT.

IL-6 chronic overexpression reduces collateral sprouting, whereas IL-10 chronic

overexpression does not modify this process after PPT.
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Table 1. Antibodies used in IHC

Target antigen Host Dilution | Cat Number Manufacturer
Primary
antibodies
Caspase 3 Rabbit 1:1000 | AF835 R&D Systems
CD11b Rat 1:1000 | MCA74GA AbD Serotec
CD39 Sheep 1:500 AF4398 R&D Systems
GFAP Mouse 1:6000 | 63893 Sigma Aldrich
GFAP Rabbit 1:1800 | Z0334 Dakopatts
Iba1 Rabbit 1:3000 | 019-19741 Wako
IL-10 Rat 1:200 Ab33471 Abcam
IL-10R Rabbit 1:100 Sc-985 Santa cruz
MCSF-R Rabbit 1:125 Ab32633 Abcam
PH3 Rabbit 1:3000 | 06-570 Millipore
Pu.1 Rabbit 1:400 2258S Cell Signaling
CD45 Rat 1:1000 | MCA1031G AbD Serotec
BrdU Rat 1:120 Ab6326 Abcam
CD28 Rabbit 1:50 ab203084 Abcam
CD3 Hamster 1:500 MCA2690 AbD Serotec
MHCII (1A) Rat hybridoma | 1:25 TIB-120 ATCC
CD206 Rat 1:500 MCAZ2235GA | AbD Serotec
CTLA-4 Rabbit 1:25 ab237712 Abcam
Laminin Rabbit 1:500 AMP420 Biorad
TMEM119 Rabbit 1:1000 | ab209064 Abcam
Secondary
antibodies
Alexa 488 Mouse 1:500 A11029 Invitrogen
Alexa 488 Rabbit 1:500 A21206 Invitrogen
Alexa 488 Rat 1:500 A11006 Invitrogen
Alexa 555 Rabbit 1:500 A21428 Invitrogen
Alexa 555 Rat 1:1000 | A11006 Invitrogen
Alexa 568 Rat 1:500 A11077 Invitrogen
Alexa 647 Rat 1:500 A21247 Invitrogen
Biotinylated Rabbit 1:500 | BA-1000 Vector
Laboratories
Biotinylated Rat 1:500 | BA-4001 \L/:gg’r;tories
Biotinylated Sheep 1:500 Ab6899 Abcam
Biotinylated Hamster 1:500 BA-9100 Vector
Laboratories
Biotinylated Goat 1:500 Vector
Laboratories
Cy2 Mouse 1:500 PA42003 GE Healthcare
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Lifescience

Streptavidin-HRP 1:500 SA-5004 Vector
Laboratories
.- Molecular
Streptavidin  Alexa )
Fluor-488 1:500 S11223 Probes
.- Molecular
Streptavidin - Alexa 1:500 | $32355 Probes
Fluor-555
Fluorescent | DAPI 1:10000 | D9542 Sigma Aldrich

stain
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Table 2. Antibodies used in Flow Cytometry

Fe blocker Target Format Dilution | Cat Number | Manufacturer

antigen

CD16/32 | Purified 1:250 553142 BD Pharmingen

Primary antibodies

CD3e FITC 1:400 553062 BD Pharmingen
CD4 APC-Cy7 1:400 552051 BD Pharmingen
CD8 PerCP 1:400 553036 BD Pharmingen
CD11b APC-Cy7 1:400 557657 BD Pharmingen
CD11c PE 1:400 557401 BD Pharmingen
CD45 PerCPCy5 1:400 557235 BD Pharmingen
CD80 APC 1:400 560016 BD Pharmingen
CD86 PE-Cy7 1:400 560582 BD Pharmingen
F4/80 APC 1:400 17-4801-82 | eBioscience
FoxP3 PE-Cy7 1:400 25-5773-80 | eBioscience
Gata3 PE 1:400 560074 BD Pharmingen
ICOSL PE 1:400 12-5985-82 | eBioscience
Ly6C FITC 1:400 553104 BD Pharmingen
MHCII FITC 1:400 553623 BD Pharmingen
RORyt APC 1:400 17-6988-82 | eBioscience
T-bet PerCP-Cy5.5 | 1:400 45-5825-80 | eBioscience

76




2000~
=y 3 wr
1500+ b Il GFAP-IL10Tg
b
< 1000+ o
< y
a
500+ a I
. I-I i o
0 |- T T l=l--lli_
NL 2 dpl 3 dpl 7 dpl

Figure 1. CD150 expression. In NL conditions, GFAP-IL10Tg animals presented
significantly higher levels of CD150 than WT. After PPT, although both animals showed
the same activation patter, GFAP-IL10Tg mice expressed higher levels at 2 and 3 dpl
compared to WT. Data are mean + SEM. The significances are represented as: * WT
vs GFAP-IL10Tg; in WT animals, a: indicates significance vs NL, b: significance vs
2dpl, and c: significance vs 3dpl; in transgenic animals a’, b’ and ¢’ indicates
significance vs NL, 2dpl and 3dpl, respectively.
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Figure 2. Microglial phagocytosis. Both NL GFAP-IL6Tg and NL GFAP-IL10Tg
animals showed significantly higher levels of CD68 and CD16/32 than WT. After PPT,
GFAP-IL6Tg mice presented increased expression of CD68 and CD16/32 at 7 and 14
dpl compared to their respective WT. In the case of GFAP-IL10Tg mice, we only
observed higher expression of CD16/32 at 14 dpl. Data are mean + SEM. The
significances are represented as: * WT vs GFAP-IL10Tg; in WT animals, a: indicates
significance vs NL, b: significance vs 3dpl, and c: significance vs 7dpl; in transgenic
animals a’, b’ and ¢’ indicates significance vs NL, 3dpl and 7dpl, respectively.
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Figure 3. CD200-CD200R expression. Regarding CD200R, both GFAP-IL6Tg and
GFAP-IL10Tg mice showed increased levels at 3 dpl than WT. Regarding CD200
expression, both animals presented induction of CD200 but with earlier downregulation
only observerd in GFAP-IL6Tg animals. Data are mean + SEM. The significances in
CD200R graphs are represented as: * WT vs GFAP-IL10Tg; in WT animals, a:
indicates significance vs NL, b: significance vs 3dpl, and c: significance vs 7dpl; in
transgenic animals a’, b’ and ¢’ indicates significance vs NL, 3dpl and 7dpl,
respectively. Significance in CD200 graphs are represented as: a: indicates
significance vs NL and b: indicates significance vs 3dpl.
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Figure 4. Neurosilver. At 3 dpl, GFAP-IL6Tg animals showed increased presence of
degenerating fibers in the dennervated area than WT. No differences were observed
between GFAP-IL10Tg mice compared to WT. Data are mean = SEM. The
significances are represented as: a: indicates significance vs NL, b: significance vs
2dpl, c: significance vs 3dpl; d: significance vs 7dpl; e: significance vs 14 dpl; in
transgenic animals a’, b’, ¢/, d’ and €’ indicates significance vs NL, 2dpl, 3dpl, 7dpl and
14 dpl respectively.
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Figure 5. Collateral sprouting. Both GFAP-IL10Tg and WT animals presented equal
percentage of Timm" fibers along the progression of the lesion. Data are mean + SEM.
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1 | INTRODUCTION

| Berta Gonzalez |

Abstract

When central nervous system (CNS) homeostasis is altered, microglial cells become rapidly
activated, proliferate and release a broad range of molecules. Among the plethora of mole-
cules involved in the regulation of microglial activation, cytokines are considered crucial.
Although production of interleukin-10 (IL-10) has been demonstrated after different types of
CNS injuries and associated with protective functions, the specific role played by IL-10 modu-
lating microglial cells remains unclear. Hence, the objective of this study was to evaluate the
effects of transgenic astrocyte IL-10 production on microglial activation associated with axo-
nal anterograde degeneration. To address it, the hippocampal area subjected to perforant
pathway transection (PPT) was analyzed by immunohistochemistry (IHC), flow cytometry and
protein microarray in transgenic (GFAP-IL10Tg) mice and their corresponding wild types
(WT) littermates. Our results demonstrated increased microglial/macrophages density in non-
lesioned and PPT-lesioned GFAP-IL10Tg animals when compared with nonlesioned and
lesioned WT, respectively. This increase was not due to proliferation, as GFAP-IL10Tg mice
showed a reduced proliferation of microglial cells, but was related to an increased population
of CD11b+/CD45"&" monocyte/macrophages. Despite this higher number, the microglia/
macrophage population in transgenic animals displayed a downregulated phenotype charac-
terized by lower MHCII, ICOSL, and CD11c. Moreover, a sustained T-cell infiltration was
found in transgenic animals. We strongly suggest these modifications must be associated with
indirect effects derived from the influence of IL-10 on astrocytes and/or neurons, which
express IL-10R. We finally suggested that TGF-p produced by astrocytes, along with IL-2 and
CXCL10 might be crucial molecules mediating the effects of transgenic IL-10.

KEYWORDS
cytokines, flow cytometry, IL-10R, macrophage infiltration, T-cell

chronic neurodegenerative diseases like Alzheimer's disease (Apelt &
Schliebs, 2001) and multiple sclerosis (Ledeboer et al., 2003). Both

Interleukin 10 (IL-10) is one of the most important immunoregulatory
cytokines implicated in the immunological responses (Cooper et al.,
2008; Moore, de Waal Malefyt, Coffman, & O'Garra, 2001). In the cen-
tral nervous system (CNS), IL-10 is upregulated after a wide range of
injuries including acute lesions, such as traumatic brain injury (TBI)

(Kamm, Vanderkolk, Lawrence, Jonker, & Davis, 2006), as well as

microglial cells and astrocytes (Hulshof, Montagne, De Groot, & Van
Der Valk, 2002; Ledeboer et al., 2002) have been described as one of
the principal sources of IL-10 in basal conditions as well as after CNS
injury. This cytokine is able to exert its action through the IL-10
receptor (IL-10R), which, depending on the circumstance, could be

expressed on microglia (Mizuno, Sawada, Marunouchi, & Suzumura,

Glia. 2019;67:741-758.
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1994; Strle et al., 2002), astrocytes (Pousset, Cremona, Dantzer,
Kelley, & Parnet, 2001; Xin et al, 2011), oligodendrocytes
(Cannella & Raine, 2004) and neurons (Xin et al., 2011; Zhou, Peng,
Insolera, Fink, & Mata, 2009). Beneficial effects derived from IL-10
administration have been reported after several in vitro and in vivo
models of CNS injury, such as TBI, excitotoxicity and middle cerebral
artery occlusion (MCAQ), among others (Arimoto et al., 2007; Park,
Lee, Jin, & Lee, 2007; Spera, Ellison, Feuerstein, & Barone, 1998; Xin
et al.,, 2011). Notably, the route of administration of IL-10 has been
reported to be essential to achieve its beneficial effects (Croxford,
Feldmann, Chernajovsky, & Baker, 2001; Cua, Hutchins, LaFace,
Stohlman, & Coffman, 2001).

In order to increase our knowledge on the role that IL-10 plays
on microglial cell modulation, we constructed a new transgenic mice
line, the GFAP-IL10Tg, in which the production of IL-10 is under the
control of the GFAP promoter and therefore its production is mainly
restricted to GFAP+ astrocytes. In these animals, the production of
IL-10 is closely linked to the synthesis of GFAP and consequently,
after a lesion, when the production of GFAP in reactive astrocytes
increases, the production of this cytokine will also increase. Our pre-
vious studies have demonstrated that GFAP-IL10Tg animals show
important microglial alterations in different cerebral areas including
cerebral cortex, cerebellum and hippocampus, even in basal condi-
tions (Almolda et al., 2015). In particular, transgenic expression of IL-
10 induced an important increase in microglial cell density, and a
specific activated microglial phenotype characterized by changes in
morphology; increased expression of molecules like Ibal, CD11b,
CD16/32 and F4/80; and “de novo” expression of CD150 (Almolda
et al., 2015). After an experimental injury and specifically in the para-
digm of facial nerve axotomy, a model of retrograde neuronal degen-
eration, we have reported crucial modifications in the activation
pattern of microglial cells in GFAP-IL10Tg animals that correlate with
a significant increase in neuronal survival (Villacampa et al., 2015),
indicating the impact of this cytokine in the regulation of microglial
activation and lesion outcome.

In this context, to expand our understanding on the role of IL-10
in other pathological scenarios, the objective of our study was to ana-
lyze the effects that transgenic astrocyte-targeted production of IL-10
has on the microglial response after anterograde axonal degeneration.
We had used the perforant pathway transection (PPT) paradigm for
this study, as it is a well-characterized model based on the specific
anatomical organization of the hippocampal formation and its connec-
tions with the entorhinal cortex. In mice, a total PPT, involving the
transection of all axons in the path produces anterograde axonal and
terminal degeneration affecting 85% of the presynaptic elements in
the outer two thirds of the molecular layer (ML) of the hippocampal
dentate gyrus (DG) (Kovac et al., 2004). It is well established that this
degeneration induces a local and quick activation of microglial cells
characterized by changes in their morphology and expression of cer-
tain activation markers (Finsen et al., 1999; Ladeby, Wirenfeldt,
Garcia-Ovejero, et al., 2005). Moreover, activated microglia proliferate
and migrate leading to a significant increase in microglial cell density
in the denervated area (Ladeby, Wirenfeldt, Dalmau, et al., 2005;
Ladeby, Wirenfeldt, Garcia-Ovejero, et al., 2005). In parallel to micro-
glial activation, PPT evokes leukocyte infiltration that includes

macrophages and T lymphocytes (Babcock, Kuziel, Rivest, & Owens,
2003; Babcock, Toft-Hansen, & Owens, 2008; Bechmann et al., 2005;
Fux, van Rooijen, & Owens, 2008). These events take place in con-
junction with production of cytokines and chemokines such as IL-10,
IL-6, IL-1p, TNF-a, and CCL2 (Babcock et al., 2003; Babcock et al.,
2008; Finsen et al., 1999; Grebing et al., 2016; Ladeby, Wirenfeldt,
Garcia-Ovejero, et al., 2005; Matthews, Cotman, & Lynch, 1976).

The main observations of the present work revealed that, in the
PPT paradigm, transgenic production of IL-10 induces a plentiful
increase in the number of activated microglial cells that paradoxically
correlates negatively with cell proliferation but positively with a major
presence of the monocyte/macrophage population. Remarkably, both
activated microglia and monocyte/macrophage populations in trans-
genic animals displayed a downregulated phenotype with lower
expression of MHCII, ICOSL, and CD11c. Moreover, transgenic IL-10
induces modifications in T-cell infiltration producing a constant pres-
ence of these cells along all time-points studied after PPT. All these
modifications take place in parallel with changes in the levels of cyto-

kines and chemokines.

2 | MATERIALS AND METHODS

2.1 | Animals

GFAP-IL10Tg and their corresponding wild-type (WT) littermates of
both sexes were used in this study. GFAP-IL10Tg have been con-
structed and recently characterized by our group (Almolda et al., 2015).
During all the experiment, animals were bred at the Institute of Neuro-
sciences of the Universitat Autdonoma de Barcelona (UAB), maintained
at constant temperature (24 + 2°C) and housed on a 12-hr light/dark
cycle with food and water ad libitum. All experimental animal work was
conducted in accordance 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 Commission of the
UAB. All efforts were made to minimize the number of animals used to

produce reliable scientific data, as well as animal suffering.

22 |

Adult (6-7 months-old) GFAP-IL10Tg (n = 83) and WT mice (n = 79)

were subjected to wire-knife unilateral PPT. Briefly, animals were

Perforant pathway transection

intraperitoneally (i.p.) anaesthetized with a solution of ketamine
(80 mg/kg) and xylazine (20 mg/kg) at dose of 0.1 mL/g body weight.
Animals were fixed in a stereotaxic device (Kopf Instruments) and a
drilled trepanation was made on the left side of the skull (4.6 mm dor-
sal to Bregma and 2.5 mm laterally). A folded wire-knife (m121;
McHugh Milleux, Downers Grove IL, USA) was inserted at an angle of
15° anterior and 10° lateral. The knife was unfolded at 3.6 mm ven-
trally and the perforant pathway was transected retracting the knife
3.3 mm. Finally, the knife was folded, take it out of the brain, and the

skin was sutured with 2-0 silk and clean with iodine.
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2.3 | Experimental groups

Nonlesioned (NL) and lesioned animals were distributed in different
experimental groups and analyzed at 2, 3, 7, 14 and 21 days postle-
sion (dpl) for immunohistochemistry (IHC), flow cytometry, and pro-
tein analysis. A total of 45 WT and 46 GFAP-IL10Tg animals were
used for IHC, 23 WT and 15 GFAP-IL10Tg for flow cytometry, and
15 WT and 18 GFAP-IL10Tg for protein analysis.

2.4 | 5 Bromodeoxyuridine injections

In order to determine microglia/macrophage proliferation, the labeling
of proliferative cells with 5 bromodeoxyuridine (BrdU) was used.
BrdU is a synthetic thymidine analog which incorporates into the
DNA of dividing cells during S-phase and can be transferred to daugh-
ter cells upon replication. Lesioned WT (n = 5) and GFAP-IL10Tg ani-
mals (n = 6) were intraperitoneally (i.p.) injected with BrdU (50 mg/kg)
diluted in TB (0.05 Trizma base, pH 7.4) every 24 hr from the day of

lesion to 7 dpl, and subsequently sacrificed.

2.5 | Tissue processing for IHC

Animals were deeply anaesthetized with a solution of ketamine/
xylazine (80:20) injected i.p. at a dose of 0.15 mL/g and then intra-
cardially perfused for 10 min with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). Brains used for free-floating sectioning
were immediately removed and postfixed for 4 hr at 4°C in the
same fixative. Subsequently, after phosphate buffer rinses, samples
were cryopreserved in a 30% sucrose solution in 0.1 M phosphate
buffer for 48 hr at 4°C and frozen in ice-cold 2-methylbutane solution
(320404, Sigma-Aldrich, St. Louis). Series of horizontal parallel sections
(30-um-thick) were obtained using a Leica CM3050 cryostat and stored
in free-floating Olmos anti-freeze solution at —20°C until used. Brains
used for paraffin sections were removed and postfixed in the same fixa-
tive overnight at 4°C, and subsequently embedded in paraffin. Horizon-
tal parallel sections (10-pm-thick) were obtained using a Leitz 1512
microtome, placed on gelatin-coated slides and dried overnight at 37°C.

Only animals displaying microglial activation (monitored by Ibal
IHC) in the outer two thirds of the deafferented ML of the DG were
included in this study.

2.6 | Single IHC

Microglial morphology, distribution and density were analyzed using
antibodies against Ibal and Pu.1. Microglial proliferation was deter-
mined using anti-phospho-Histone H3 (pH3) and BrdU whereas
microglial death was studied with anti-caspase 3. Lymphocyte
recruitment was analyzed using the antibody against CD3, a pan marker
for T-lymphocytes. In all cases, free-floating sections were washed sev-
eral times with 0.05 M Tris-buffered saline (TBS) pH 7.4 and with TBS
containing 1% Triton-X100 (TBST, pH 7.4). Specifically, for Pu.1 staining,
sections were then exposed to antigen retrieval protocol by treatment
with sodium citrate buffer (pH 8.5), at 80°C, for 40 min. Subsequently,
endogenous peroxidase was blocked by incubating the sections for
10 min with 2% H,0, in 70% methanol. For BrdU detection, DNA was
denatured by first incubating in 0.082 N HCI for 10 min at 4°C and then
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for 30 min in 0.82 N HCl at 37°C. Sections were then rinsed with
borate buffer (pH 8.5) and 0.5% Triton X-100 in TBS. Afterwards, all
sections were incubated for 1 hr at room temperature (RT) in blocking
buffer (BB) solution containing 10% fetal bovine serum and 0.3% bovine
serum albumin in TBST. Thereafter, sections were incubated overnight
at 4°C plus one additional hour at RT with the corresponding primary
antibodies (specified in Table 1) diluted in BB. Sections incubated in BB
lacking the primary antibody were used as negative control and sections
from spleen and gut were used as positive control for the different
immunostains. After washes with TBST, sections were incubated for
1 hr at RT with the corresponding biotinylated secondary antibody, fol-
lowed by 1 hr at RT with horseradish peroxidase (HRP)-conjugated
streptavidin diluted in BB (Table 1). The reaction was visualized with
the 3,3-diaminobenzidine (DAB) kit (SK-4100; Vector Laboratories,
Burlingame, California) following the manufacturer's instructions. For
the study of the blood brain barrier (BBB) integrity, after endogenous
peroxidase blocking and nonspecific-binding blocking solution, sections
were incubated for 1 hr in biotinylated anti-mouse IgG diluted in the
same blocking solution. After 1 hr at RT in horseradish streptavidin-per-
oxidase, the final reaction was visualized by incubating the sections
with a DAB kit following the manufacturer's instructions.

Finally, all sections were mounted on slides, counterstained with
1% toluidine blue, dehydrated in graded alcohols and, after xylene
treatment, coverslipped with DPX. Sections were analyzed with a
Nikon Eclipse 80i brightfield microscope.

2.7 | Double IHC

Double immunolabeling combining pH3 with CD39 was carried out to
determine the proliferative capacity of microglial cells. Sections were
firstly processed for pH3 as described above, but using an anti-rabbit
Alexa-Fluor 555 conjugated antibody as secondary antibody (Table 1).
Then, after several washes with TBST, sections were incubated for 1 hr
at RT in the blocking buffer solution-2 (BB-2) containing 10% donkey
serum and 0.3% bovine serum albumin in TBST. After washes, sections
were incubated with sheep anti-CD39 (Table 1), diluted in BB-2,
overnight at 4°C followed by one additional hour at RT. Subse-
quently, sections were washed with TBST and incubated with bioti-
nylated anti-sheep secondary antibody (Table 1). After washes with
TBST, sections were incubated for 1 hr at RT with Alexa-Fluor
488-conjugated streptavidin diluted in the BB-2. Finally, sections
were washed with TBST, followed by TBS and TB and the nuclei stained
with 4,9,6-diamidino-2-phenylindole (DAPI) for 10 min (Table 1).

To study IL-10R expression in astrocytes, double immunolabeling
combining IL-10R and GFAP was carried out. Sections were washed with
TBST and incubated for 1 hr at RT in the blocking buffer solution-3 (BB-3)
containing 0.2% gelatin (powder food grade, 104078, Merck, Burlington,
Massachusetts, USA) in TBS with 0.5% Triton. Afterwards, sections were
incubated with rabbit anti-IL-10R (Table 1) for 48 hr at 4°C followed by
one additional hour at RT. After washes, sections were incubated for 1 hr
at RT with biotinylated anti-rabbit secondary antibody followed by the
incubation with Alexa-Fluor 555-conjugated streptavidin (Table 1). Sec-
tions were then washed with TBST and incubated in BB-3 for 1 hr at RT
followed by incubation with both mouse anti-GFAP (Table 1) overnight at
4°C followed by 1 additional hour at RT. After washes with TBST, sections
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TABLE1 Reagents used in immunohistochemistry (IHC)

Target antigen
GFAP

IL-10
IL-10R

Ibal

GFAP

Pu.1

pH3

BrdU

CD39
Caspase 3
TGF- 1
CD3
Biotinylated

Primary antibodies

Secondary antibodies
Biotinylated
Biotinylated
Biotinylated
Alexa 555
Alexa 488
Alexa 568
Alexa 647
Alexa 488

Alexa Fluor-555 conjugated Streptavidin

Alexa Fluor-488 conjugated Streptavidin

HRP-conjugated Streptavidin

DAPI

were incubated for 1 hr at RT with anti-mouse Alexa-Fluor 488 diluted in
BB-3. After washes with TBST, TBS and TB, nuclei were stained with
DAPI (Table 1).

To examine the production of TGF-B1 by astrocytes, double immu-
nolabeling combining TGF-p1 and GFAP was performed. Deparaffinized
sections were exposed to antigen retrieval protocol by treatment with
sodium citrate buffer (pH 6), at 90°C, for 20 min. After washes with
TBST, sections were incubated for 1 hr in BB and incubated with rabbit
anti-TGF-p1 (Table 1) diluted in BB, overnight at 4°C, followed by one
additional hour at RT. Subsequently, sections were washed with TBST
and incubated with anti-rabbit Alexa-Fluor 555 diluted in BB for 1 hr at
RT. After washes, sections were incubated again for 1 hr in BB and incu-
bated with mouse anti-GFAP (Table 1), overnight at 4°C, followed by one
additional hour at RT. After washes with TBST, sections were incubated
with anti-mouse Alexa-Fluor 488 diluted in the BB for 1 hr at RT. Finally,
after several washes of TBST, TBS, and TB, nuclei were stained with
DAPI (Table 1).

Finally, all double-immunostained sections were mounted on
slides, coverslipped with Fluoromount GTM (0100-01; SouthernBio-
tech, Birmingham, AL) and analyzed using a Nikon Eclipse E600 fluo-
rescence microscope and a Zeiss LSM700 confocal microscope.

2.8 | Terminal dUTP nick end labeling

In addition to caspase-3 immunohistochemistry, the study of microglial

cell death was performed on sections double stained for terminal dUTP

Host Dilution Cat number Manufacturer
Rabbit 1:1,800 70334 Dakopatts
Rat 1:200 Ab33471 Abcam
Rabbit 1:100 Sc-985 Santa Cruz
Rabbit 1:3,000 019-19,741 Wako
Mouse 1:6,000 63,893 Sigma-Aldrich
Rabbit 1:400 2258S Cell Signaling
Rabbit 1:3,000 06-570 Millipore
Rat 1:120 Ab6326 Abcam
Sheep 1:500 AF4398 R&D Systems
Rabbit 1:1,000 AF835 R&D Systems
Rabbit 1:100 Sc-146 Santa Cruz
Hamster 1:500 MCA2690 AbD Serotec
Rabbit 1:500 BA-1000 Vector Laboratories
Sheep 1:500 Ab6899 Abcam
Rat 1:500 BA-4001 Vector Laboratories
Hamster 1:500 BA-9100 Vector Laboratories
Rabbit 1:500 A21428 Invitrogen
Mouse 1:500 A11029 Invitrogen
Rat 1:500 A11077 Invitrogen
Rat 1:500 A21247 Invitrogen
Rabbit 1:500 A21206 Invitrogen
1:500 $32355 Molecular Probes
1:500 S$11223 Molecular Probes
1:500 SA-5004 Vector Laboratories
1:10,000 D9542 Sigma-Aldrich

nick end labeling (TUNEL) and Ibal. To accomplish that, sections were
mounted on slides and treated for 5 min with 100% methanol for
endogenous peroxidase blocking. Then, sections were rinsed in 10 mM
Tris buffer (pH 8) and 5 mM EDTA followed by incubation for 15 min at
RT in the same buffer plus Proteinase K (20 pug/mL). After several
washes with 5 mM EDTA, sections were incubated for 10 min at RT in
TdT buffer containing 30 mM Tris, 140 mM sodium cacodylate, and
1 mM cobalt chloride (pH 7.7). Sections were then incubated for 20 min
at 37°C in TdT buffer plus 0.161 U/uL TdT enzyme (Terminal Transfer-
ase, 3333566; Roche, Manheim, Germany) and 0.0161 nmol/pL of
biotin-16-dUTP (1093070; Roche). The reaction was stopped by sub-
merging sections twice in citrate buffer (300 mM sodium chloride,
30 mM sodium citrate, 5 mM EDTA) for 5 min. After several washes
with TBS, sections were incubated for 1 hr at RT with HRP-conjugated
streptavidin (Table 1) and the peroxidase reaction visualized by incuba-
tion in a 3,3-DAB kit plus 1% of cobalt (SK-4100; Vector Laboratories),
following the manufacturer's instructions. Subsequently, sections were
incubated with Iba1 antibody (1:1,000) (Table 1) using the same protocol
described in the single IHC section. Sections from gut were used as pos-
itive control. Finally, sections were dehydrated in graded alcohols and,

after xylene treatment, coverslipped in DPX.

2.9 | Densitometric analysis

In order to analyze microglial reactivity in NL and lesioned animals, a

densitometric analysis was performed on sections stained for Ibal. At
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TABLE2 Antibodies used in flow cytometry

Target antigen Format
Fc blocker CD16/32 Purified
Primary antibodies CD11b APC-Cy7
CD45 PerCPCy5
MHCII FITC
CD11c PE
Ly6C FITC
ICOSL PE

least three WT and three GFAP-IL10Tg animals per group were
analyzed. A total of nine photographs from three different sections
per animal containing the deafferented ML of DG in lesioned ani-
mals and the equivalent area in the NL were captured using the
20x objective with a DXM 1200F Nikon digital camera joined to a
brightfield Nikon Eclipse 80i microscope, using the ACT-1 2.20
(Nikon Corporation, Minato, Tokio) software. By means of analySIS,
the percentage of area occupied by the immunolabeling as well as
the intensity of the immunoreaction (Mean Grey Value Mean) was
recorded for each photograph. The Al index (Almolda et al., 2015)
was calculated as function of the percentage of the immunolabeled
area and the Mean Grey Value Mean.

Quantification of microglial cell density was performed on sec-
tions immunostained for the transcription factor Pu.l. In this case,
a total of six photographs from three different sections per animal
containing the deafferented ML of DG in lesioned animals as well
as the equivalent area in the NL were captured with the 10x objec-
tive, using the same device and software referred above. The num-
ber of Pul+ cells in the ML of DG was obtained using the
“Automatic Cell Counter” (ITCN) plug-in from NIH Image J software
(Wayne Rasband, National Institutes of Health, USA). Data were
expressed as cells/mm?.

Quantification of microglial cell proliferation was carried out on
sections immunostained for the mitotic marker pH3 as well as BrdU in
both NL and PPT-lesioned animals at 2, 3, and 7 dpl in the case of
pH3 and at 7 dpl in the case of BrdU. For pH3, a minimum of three
WT and three GFAP-IL10Tg animals per group were analyzed,
whereas in the case of BrdU five WT and six GFAP-IL10Tg animals
were used. The number of both pH3+ and BrdU+ microglial cells in
the ML of DG were manually counted on 20 (for pH3) and 10 different
sections (for BrdU) per animal using a 20x objective. Data were aver-
aged and represented as pH3+ cells or BrdU+ cells/section.

To evaluate T lymphocyte infiltration, sections stained for CD3
were used. At least three WT and three GFAP-IL-10Tg in both NL and
PPT-lesioned animals at 2, 3, 7, and 14 dpl were used. All CD3+ cells
in the ML of DG were manually counted on 20 sections per animal
using a 20x objective. Data were averaged and represented as CD3+

cells/section.

2.10 | Flow cytometry analysis

The phenotype of microglia and monocyte/macrophage populations

in NL and PPT-lesioned animals (at 3 and 7 dpl) were analyzed using

wiLey-GLIA (| =

Dilution Cat number Manufacturer
1:250 553142 BD Pharmingen
1:400 557657 BD Pharmingen
1:400 557235 BD Biosciences
1:400 553623 BD Pharmingen
1:400 557401 BD Pharmingen
1:400 553104 BD Bioscience
1:400 12-5985-82 BD Bioscience

flow cytometry as previously described (Almolda, Costa, Montoya,
Gonzalez, & Castellano, 2009). Briefly, anaesthetized animals were
intracardially perfused for 1 min with 0.1 M phosphate buffer solution
(PBS), the brain removed and the entire hippocampus was quickly dis-
sected out. In order to obtain a cell suspension, samples were dissoci-
ated through 140 pm and 70 pm meshes and digested for 30 min
at 37°C using type IV collagenase (17104-019; Life Technologies,
Carlsbad, California) and DNAsa | (D5025; Sigma, St. Louis). Subse-
quently, each cellular suspension was centrifuged at RT for 20 min at
2400 rpm in a discontinuous density Percoll gradient (17-0891-02;
Amersham-Pharmacia, United Kingdom) between 1.03 g/mL and
1.08 g/mL. Myelin in the upper layer was removed. Cells in the inter-
phase 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 4°C in a solution of purified CD16/32 diluted in PBS plus
2% serum. Afterwards, cells were labeled for 30 min at 4°C with the
two following combinations of surface antibodies: (a) anti-CD11b-APC-
Cy7, anti-CD45-PerCPCy5, anti-MHCII- FITC, and anti-CD11c-PE; and
(b) anti-CD11b-APC-Cy7, anti-CD45-PerCPCy5, anti-Ly6C-FITC, and
anti-ICOSL-PE (Table 2). In parallel, isotype-matched control anti-
bodies for the different fluorochromes (BD Pharmingen, Switzerland)
were used as negative control and a cell suspension of splenocytes
as positive control. Data were extrapolated as number of cells using
Cyto Count fluorescent beads, following the manufacturer's instruc-
tions (S2366; Dako Cytomation, Denmark). Finally, cells were
acquired using a FACS Canto flow cytometer (Becton Dickinson, San
Jose, CA) and results analyzed using the FlowJo software. The analy-

sis was performed separately for each animal without any pooling.

2.11 | Tissue processing for protein analysis

Animals used for protein analysis were i.p anaesthetized and perfused
for 1 min with cold 0.1 M PBS (pH 7.4). Subsequently, the entire hip-
pocampus was dissected out, snap frozen individually in liquid nitro-
gen and stored at —80°C. Total protein was extracted by solubilization
of samples on lysis buffer containing 25 mM HEPES, 2% Igepal, 5 mM
MgCl,, 1.3 mM EDTA, 1 mM EGTA, 0.1 M PMSF and protease (1:100,
P8340; Sigma-Aldrich), and phosphatase inhibitor cocktails (1:100,
P0044; Sigma-Aldrich) for 2 hr at 4°C. After solubilization, samples
were centrifuged at 13,000 rpm for 5 min at 4°C and the supernatants
collected. Total protein concentration was determined with a com-
mercial Pierce BCA Protein Assay kit (#23225; Thermo Scientific,

Massachusetts, USA) according to manufacturer's protocol. Protein
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lysates were aliquot and stored at —80°C until used for ELISA and pro-
tein microarray analysis. The hippocampus from each animal was ana-

lyzed separately.

2.12 | Cytokine analysis

The cytokines IL-10, IL-6, IL-2, IL-9, IFN-y, IL-1p, IL-5, IL-12p70
and the chemokines CXCL10 and CCL2 were analyzed using a
Milliplex MAP Mouse Cytokine/Chemokine kit (#MCYTOMAG-
70K; Merck Millipore, Burlington, Massachusetts, USA) according
to manufacturer's instructions. Briefly, 25 pL of each hippocampus
extracts with a final total protein concentration of 2.5 pg/pL were
added to the plates, along with the standards in separate wells,
containing 25 pL of custom fluorescent beads and 25 pL of matrix
solution, and incubated overnight at 4°C in a plate-shaker
(750 rpm). After two washes with wash buffer (1x), the plate was
incubated with 25 pL of detection antibodies for 30 min at RT fol-
lowed by incubation with 25 pL of Streptavidin-Phycoerythrin for
30 min at RT in a plate-shaker (750 rpm). Finally, the plate was
washed twice with wash buffer and 150 pL of Drive fluid was
added. 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.

2.13 | Statistical analysis

Statistics were performed using the Graph Pad Prism 5.0 software.
Standard two-tailed, unpaired Student's t test was used to compare
between WT and GFAP-IL10Tg animals to determine significant
differences. All experimental values were expressed as mean
values + SEM.

3 | RESULTS

3.1 | Dynamics of IL-10/IL-10R expression in DG
after PPT

In order to determine the putative change in both IL-10 production
and IL-10R expression in the deafferented DG, IHC and Luminex
assay was used.

In agreement with our previous observations (Almolda et al.,
2015), the current results show that although IL-10 was detected in
the NL hippocampus of both WT and GFAP-IL10Tg animals, its
expression was almost three times higher in GFAP-IL10Tg than in WT
(Figure 1a). After PPT in WT animals, IL-10 significantly increased at
3 dpl and abruptly decreased at 7 dpl and 14 dpl to levels similar to
those observed in NL animals. In contrast, in GFAP-IL10Tg animals,
levels of IL-10 at 3 dpl increased insignificantly and then decreased at
7 dpl and returned to basal levels at 14 dpl. Nevertheless, when com-
pared with WT animals, GFAP-IL10Tg mice presented a significant
higher expression of IL-10 at 14 dpl (Figure 1a).

Colocalization studies combining IL-10R with GFAP allowed us to
identify IL-10R+ cells located in the ML of the DG mainly as GFAP+
astrocytes in NL GFAP-IL10Tg mice (Figure 1d,e) as well as in both
PPT-lesioned WT and transgenic animals (Figure 1f-i), but not in NL

WT (Figure 1b,c). It is important to mention that, in the granular layer
(GL), in addition to IL-10R+ astrocytes, we found immunostaining
associated with the cytoplasm of DG neurons of both WT and GFAP-

IL10Tg mice in all the experimental conditions (Figure 1b-i).

3.2 | Transgenic production of IL-10 induces
changes in the number, morphology and distribution
of microglia/macrophage population after PPT

3.2.1 | Analysis of microglial/macrophage cell morphology
and distribution

Changes in morphology and distribution of the microglia/macrophage
cell population induced by transgenic production of IL-10 were assessed
by Ibal IHC.

In correspondence with our previous study (Almolda et al,
2015), microglial cells in NL GFAP-IL10Tg mice showed a significant
increase in Ibal immunoreactivity (Figure 2b,k) when compared with
NL WT animals (Figure 2a). This increased immunoreactivity in
NL GFAP-IL10Tg mice was accompanied by important morpho-
logical alterations including increased ramification, thicker pro-
cesses, and presence of microglial cells with elongated shapes
(Figure 2n,0).

After PPT, remarkable alterations in both microglial activation and
morphology were detected in the ML of the DG in both WT and
GFAP-IL10Tg mice, although with notable differences between the
two genotypes.

In WT mice, Ibal levels progressively increased from 2 dpl,
reaching a maximum at 7 dpl, to thereafter decrease from 14 to
21 dpl. In contrast, in GFAP-IL10Tg mice, Ibal upregulation was
delayed until 3 dpl and the expression levels were always signifi-
cantly higher than in WT at all time-points analyzed, except at
2 dpl. In both experimental groups, at 21 dpl, Ibal levels were simi-
lar to their corresponding NL animals (Figure 2k). To graphically
represent the dynamics of microglial activation along PPT lesion
timeline, we calculated the fold-changes with respect to the corre-
sponding NL animals in both WT and GFAP-IL10Tg animals. This
representation revealed that, although the levels of Ibal in trans-
genic animals were higher than in WT, the upregulation of this
marker with respect to its basal levels was less pronounced in
transgenic animals than in WT, along the progression of the PPT
lesion (Figure 2I,m).

As far as the cell morphology is concerned, at 3 and 7 dpl, micro-
glial cells displayed the typical “bushy” shapes, characterized by short
and stubby ramifications in the lesioned outer and medial molecular
layers (OML and MML) of DG in both genotypes (Figure 2c,f). In
both groups, microglia returned to ramified morphologies at 14 dpl
but it was not until 21 dpl when these cells were similar in morphol-
ogy to their corresponding NL animals (Figure 2g-j). Although more
evident at 3 dpl, morphological differences between WT and GFAP-
IL10Tg animals were observed at all time-points analyzed. The micro-
glial cells in transgenic animals always presented more as well as
thicker processes (Figure 2p,q). Moreover, in both WT and GFAP-
IL10Tg mice, at 3 and 7 dpl, we observed some microglial cells assem-
bled in clusters consisting of 2 to 4 cells along the OML and the MML

(Figure 2c,d). No differences in terms of number and distribution of



RECASENS ET AL.

| L)

IL10 pgimL

wiLey-GLIA (|

wr

Il GFAP-IL10Tg
*

¢

)]

OML

NL

14dpl

FIGURE 1

L]
14 dpl

GFAP-IL10Tg

IL-10 and IL-10R expression. (a) Graph showing the expression pattern of IL-10 in nonlesioned (NL) and PPT-lesioned animals, from

3 to 14 dpl, in WT and GFAP-IL10Tg mice. Note that in basal conditions, IL-10 expression was around two times higher in GFAP-IL10Tg than in
WT. After PPT, IL-10 expression in transgenic animals was significantly higher at 14 dpl than WT mice (*p < .05). Data are represented as

mean + SEM. The significances are represented as: * WT vs. GFAP-IL10Tg; in WT animals, a: Indicates significance vs. NL, b: Significance

vs. 3 dpl, and c: Significance vs. 7 dpl; in transgenic animals a’, b’, and ¢’ indicates significance vs. NL, 3 dpl and 7 dpl, respectively. (b-i)
Representative images of double IHC combining IL-10R (red) and GFAP (green). Nuclei were stained with DAPI (blue). Note that, major part of
IL-10R+ cells corresponds to GFAP+ astrocytes (arrows). In all experimental conditions, in the granular layer (GL), besides IL-10R+ astrocyte
processes, we found immunostaining associated with the cytoplasm of DG neurons. GL: Granular layer, IML: Inner molecular layer, MML: Medial
molecular layer, OML: Outer molecular layer [Color figure can be viewed at wileyonlinelibrary.com]

these microglial clusters were found between both lesioned experi-

mental groups.
In parallel to changes found in the OML and the MML, both WT

and GFAP-IL10Tg animals, showed a progressive reduction of the area
occupied by Ibal staining in the inner molecular layer (IML) along the

early time-points (3 dpl and 7 dpl) (Figure 2c-f).

3.22 |
after PPT

To evaluate putative modifications in the number of microglia/macro-

Analysis of microglia/macrophage cell density

phages cells, we used the IHC for the transcription factor Pu.1, a

specific marker for myeloid cells and commonly used for this purpose
(Gomez-Nicola, Fransen, Suzzi, & Perry, 2013).

Concomitant with changes in Ibal expression and morphology,
the IHC for Pu.l revealed that in comparison to NL WT animals,
there was nearly a two-fold increase in the number of Pu.1+ cells in
the ML of the DG in NL GFAP-IL10Tg (Figure 3a). After PPT,
although both WT and transgenic experienced a progressive
increase in the number of Pu.1+ cells, the dynamics of this increase
was quite different. In WT animals, the number of Pu.1+ cells pro-
gressively increased from 2 dpl, peaked at 3 dpl, remained stable at

7 dpl and then gradually decreased from 14 to 21 dpl (Figure 3a),
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FIGURE 2 Ibal immunohistochemistry. Representative images from WT and GFAP-IL10Tg mice showing single Ibal staining in the

granular (GL) as well as in the inner, medial, and outer molecular layers (IML, MML and OML, respectively) of the DG in nonlesioned

(NL) (a-b) and PPT-lesioned mice from 3 to 21 dpl (c-j). Note that at 3 dpl in comparison to WT (c and p), microglial cells in GFAP-IL10Tg
animals (d and q) presented higher Ibal expression and thicker processes. In both WT and GFAP-IL10Tg animals, it is possible to
distinguish the presence of microglial clusters (insets in c and d). Scale bar = 10 pm. (k) Graph showing the time course of Iba1l staining,
expressed as Al (area x intensity). Note that, GFAP-IL10Tg animals showed increased levels of Ibal in both NL and at 3, 7, 14, and 21 dpl
after PPT. (I and m) Graphs showing the fold changes increase of Ibal expression in comparison to the corresponding NL animals in both
WT (I) and GFAP-IL10Tg mice (m). Remarkably, transgenic animals showed lower fold increase than WT. Data are represented as

mean + SEM. The significances are represented as: * WT vs. GFAP-IL10Tg; in WT animals, a: Indicates significance vs. NL, b: Significance
vs. 3 dpl, and c: Significance vs. 7 dpl; in transgenic animals a’, b’, and c’ indicates significance vs. NL, 3 dpl and 7 dpl, respectively

(**p < .01, *p < .05, #p < .1) [Color figure can be viewed at wileyonlinelibrary.com]

being at these later time-points still higher than NL WT animals. In
GFAP-IL10Tg animals, the progressive increase in the number of
Pu.1+ cells was delayed to 3 dpl, but continued to increase at 7 dpl.
Similar to WT, at 14 and 21 dpl, the number of Pu.1+ cells in trans-
genic animals gradually declined to achieve the nearby same number
than NL GFAP-IL10Tg animals (Figure 3a). Furthermore, the number
of Pu.1+ cells at 3 and 7 dpl was higher in GFAP-IL10Tg mice than

in WT. However, when we represented the dynamics of Pu.1 upre-
gulation, again we detected that while WT animals showed a nearly
six-fold increase over their basal levels (Figure 3b), in GFAP-IL10Tg
animals did not reach the four-fold increase at any time-point ana-
lyzed (Figure 3c).

In both lesioned experimental groups, a very similar decrease in the

number of Pu.1+ cells was found in their respective IML (data not shown).
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FIGURE 3 Pu.1 immunohistochemistry. (a) Graph showing the quantification of Pu.1* cells in nonlesioned (NL) and lesioned animals from 2 to
21 dpl after PPT, in WT and GFAP-IL10Tg mice. Note that, transgenic animals showed higher number of Pu.1+ cells in NL and at 3 and 7 dpl.

(b and c) Graphs showing the fold changes increase of Pu.1+ cells in WT (b) and GFAP-IL10Tg (c) in comparison to their corresponding NL
animals. Data are represented as mean + SEM. The significances are represented as: * WT vs. GFAP-IL10Tg; in WT animals, a: Indicates
significance vs. NL, b: Significance vs. 3 dpl, and c: Significance vs. 7 dpl; in transgenic animals a’, b’, and ¢’ indicates significance vs. NL, 3 dpl and

7 dpl, respectively (***p < .0001; *p < .05)

3.3 | Transgenic IL-10 production alters microglial
cell proliferation after PPT but has no effects on
microglial cell death

The analysis of microglial proliferation was performed on sections
stained for pH3 and BrdU (Figure 4), whereas apoptosis was ana-
lyzed on sections developed for TUNEL and caspase-3 IHC (data
not shown).

Few pH3+ cells were seen in the ML of DG in both NL WT and
NL GFAP-IL10Tg animals with no differences between them
(Figure 4a). After PPT, in WT animals, there was a pronounced
increase in the number of pH3+ cells at 2 dpl. The number of pH3+
cells progressively decreased from 3 to 7 dpl, although the amount
of pH3+ cells was still higher than in NL WT animals (Figure 4a). In
contrast, in GFAP-IL10Tg mice, the initial increase in the number of
pH3+ cells was delayed until 3 dpl, and at 7 dpl this number abruptly
decreased to levels comparable to NL transgenic animals (Figure 4a).
Moreover, in the same area, the total number of accumulated BrdU+
cells until 7 dpl was significantly lower in GFAP-IL10Tg animals than
in WT (Figure 4b). Double IHC combining pH3+ and the microglial
marker CD39 revealed that the majority of pH3+ cells in both WT
and GFAP-IL10Tg animals corresponded to CD39+ microglia/macro-
phages (Figure 4c,d).

No microglial apoptosis was seen in our study as no TUNEL or
caspase-3 positive staining was found in the lesioned ML of DG in
neither WT nor GFAP-IL10Tg animals at any analyzed time-point

(data not shown).

3.4 | IL-10 increases the number and changes the
phenotype of microglia and macrophages after PPT

Using flow cytometry, we determined possible modifications induced
by the transgenic production of IL-10 in both the number and the
phenotype of the microglia/macrophage population after PPT. This

study was focused on NL and 3-7 dpl time-points where the major

differences in terms of cell morphology, distribution, and microglial
density were observed.

We identified the microglia/macrophages population based on
the positive expression of CD11b in combination with levels of
CD45 (Figure 5a,b). This helped in differentiating homeostatic
microglia from activated microglia, as well as from macrophages.
Ramified or homeostatic microglia was identified as CD11b
+/CD45"Y phenotype, and activated microglia as CD11b+/CD45™.
Importantly, activated CD45™ microglia express a lower level of
CD45 than macrophages (CD11b+/CD45"&") in the CNS, which
allows distinguishing each of these populations. We will use the term
CD11b+/CD45""/nt o refer to the population of homeostatic and
activated microglia jointly in this study.

In NL WT animals, we identified a population of CD11b+/CD45""
cells and a small population of CD11b+/CD45"e" cells. In comparison
to WT, in NL GFAP-IL10Tg animals, there was around a three-fold
increase in the number of both cell populations (Figure 5d.e). After
PPT, both WT and GFAP-IL10Tg mice presented a gradual increase,
from 3 to 7 dpl, in the population of CD11b+/CD45Me" positive cells,
whereas the population of CD11b+/CD45"°%/"t positive cells only
experimented a slight increase at 7 dpl. Noticeably, the numbers of
both CD11b+/CD45"*/" and CD11b+/CD45"&" cell populations were
always higher in GFAP-IL10Tg animals than in WT at all time-points
analyzed (Figure 5d,e).

To assess the effects of transgenic production of IL-10 on the
phenotype of microglia and macrophage populations, the expression
of different cell activation markers such as MHCII, ICOSL, and CD11c
in the population of CD11b+/CD45"°"/" and CD11b+/CD45"€" was
analyzed (Figure 5c).

In NL GFAP-IL10Tg animals, the CD11b+/CD45'°"/i"t population
presented a higher number of cells expressing ICOSL and Ly6C than
NL WT animals, whereas the number of MHCIl+ and CD11c+ cells
was similar to WT. Observing the CD11b+/CD45"&" population in NL
transgenic animals, we only found an increase in the number of Ly6C+
cells when compared with NL WT (Figure 5m).
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After PPT, CD11b+/CD45"°"/" cell population in WT mice
presented a progressive upregulation, from 3 to 7 dpl, in the num-
ber of cells expressing CD11c (Figure 5j), whereas the number of
ICOSL+ and Ly6C+ cells increased at 3 dpl and remained stable at
7 dpl, and the number of MHCII+ cells was unaltered (Figure 5f,h,l).
No significant changes in any of these markers were detected in
the CD11b+/CD45""/ " cell population of GFAP-IL10Tg mice
along the different time-points after PPT in comparison to NL
transgenic mice. Remarkably, when compared with WT animals, the
numbers of ICOSL+ and Ly6C+ cells were higher in GFAP-IL10Tg
mice at 3 dpl, whereas the number of CD11c+ cells found in trans-
genic at 7 dpl was low.

In WT animals after PPT, from 3 to 7 dpl, a progressive upregu-
lation in the number of cells expressing all the activation markers
analyzed (MHCII, ICOSL, CD11c, and Ly6C) was found in the popu-
lation of CD11b+/CD45"&" cells (Figure 5g,i,k,m). In contrast, in
GFAP-IL10Tg animals, the number of CD11b+/CD45"&" cells
expressing all these markers increased at 3 dpl and remained simi-
lar at 7 dpl (Figure 5g,i,k,m). When compared with WT, a higher
number of Ly6C+ cells at 3 dpl as well as a reduction in the number
of MHCII+, ICOSL+ and CD11c+ cells, at 7 dpl, were found in
transgenic animals.

Finally, in order to evaluate putative modifications that could
explain the differences in the number of macrophages detected in
transgenic animals, we analyzed the integrity of the BBB by detection
of mouse IgG. Our analysis showed that after PPT there were alter-
ations of the BBB leading to leakage in the denervated area of the DG
in both WT and GFAP-IL10Tg animals without any detectable differ-

ences between genotypes (data not shown).

3.5 | Transgene-encoded IL-10 changes the T-cell
infiltration pattern after PPT

To explore if transgenic production of IL-10 was able to modify the
pattern of T-cell infiltration after PPT, we analyzed sections immu-
nostained for CD3 in NL and lesioned WT and transgenic at 2, 3,
7 and 14 dpl (Figure 6). In both NL WT and NL GFAP-IL10Tg ani-
mals, CD3+ cells were practically undetectable in the ML of the DG
(Figure 6). After PPT, WT animals showed two waves of T-cell infil-
tration, the first wave at 2 dpl and the second at 7 dpl. Between
these two time points, that is to say at 3 dpi, the number of CD3+
cells decreased considerably. In contrast, in GFAP-IL10Tg animals,
it was not possible to distinguish these two waves of T-cell infiltra-
tion, as the number of CD3+ T-cells increased at 3 dpl and
remained elevated along all the time-points after PPT. Hence, the
number of CD3+ cells was significantly higher in GFAP-IL10Tg
mice than in WT, at 3 dpl (Figure 6).

3.6 | Transgenic IL-10 production modifies the
cytokine/chemokine microenvironment associated
to PPT

We finally addressed whether all the modifications observed after
PPT in transgenic animals were in correlation with alterations in
the levels of cytokines and chemokines. Thus, we specifically ana-
lyzed the expression of different cytokines and chemokines
involved in: (a) microglial cell activation, such as IL-6, IL-18, IFN-y,
IL-2, IL-9 and IL-12p70; (b) microglial cell proliferation like IL-5;
and (c) monocyte/macrophage as well as T-cell recruitment such as
CXCL10 and CCL2.
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No differences in any cytokine or chemokine analyzed were
detected when NL WT and NL GFAP-IL10Tg animals were compared
(Figure 7a-i). After PPT, in both WT and GFAP-IL10Tg animals, we
found an important increase in IL-6 (four-fold) and CCL2 (two-fold)
expression, at 3 dpl, which returned to basal levels at 7 dpl, without sig-
nificant differences between the two genotypes (Figure 7a,i). In addi-
tion, at both 3 and 7 dpl a high increase in CXCL10 expression (more
than 20-fold) was observed in WT, as well as in GFAP-IL10Tg mice
where the expression was even higher at 7 dpl (Figure 7h). Expression
of IL-2 in WT animals followed a particular time-course, increasing at
3 dpl, decreasing at 7 dpl and increasing again at 14 dpl (Figure 7b).
Upregulation of IL-2 expression in GFAP-IL10Tg animals was only
detected at 14 dpl, and was always lower than the observed in WT ani-
mals at the different time-points analyzed after PPT (Figure 7b). Simi-
larly, expression of IL1f only decreased at 14 dpl in transgenic animals
(Figure 7e). In the case of IFN-y, in WT animals, levels of expression
decreased at 7 dpl whereas no changes were observed in GFAP-
IL10Tg animals (Figure 7d). Regarding IL-5, our results demonstrated
a distinct pattern of expression in GFAP-IL10Tg animals increasing
at 14 dpl instead of the decrease that occurs at 7 dpl in WT animals
(Figure 7f). Finally, no significant changes were found in the expres-
sion of IL-12p70 after PPT in either WT or GFAP-IL10Tg animals in
comparison to their corresponding NL animals (Figure 7g).

Above results are summarized in Figure 8. Briefly, the cytokines/
chemokines that presented the most important modifications
between WT and GFAP-IL10Tg mice were IL-2, that was lower in
transgenic animals along all the time-points analyzed, IL-5 that
showed less expression at 3 dpl (Figure 7f) and IL-9 and CXCL10
that presented higher expression at 7 dpl (Figure 7c).

Finally, analysis of TGF-p1 immunostaining demonstrated a higher
expression of this cytokine in astrocytes of GFAP-IL10Tg animals,
especially at early time-points (Figure 9).

4 | DISCUSSION
In the present study, we demonstrated that astrocyte-targeted IL-10
production induces significant changes in the activation pattern of
microglia/macrophage cell population after PPT. These changes
include: (a) increase in cell density and (b) a downregulated activation
phenotype. Our observations also revealed that, after PPT, IL-10
reduces and delays microglial proliferation while increase the number

showing the expression of Ly6C, MHCII, ICOSL and CD11c in the
population of microglia/macrophages in comparison to the
corresponding isotype control, in which the positive staining was
defined. (d and e) Graphs showing the number of cells in the CD11b+/
CD45"°"/Int (d) and CD11b+/CD45"&" (e) populations in NL and PPT-
lesioned animals. (f-m) Graphs showing the expression levels of the
different activation markers MHCII, ICOSL, CD11c and Lyé6C in
CD11b+/CD45°%/nt (£ h, j, and I) and CD11b+/CD45"&" populations
(g, i, k, m) ($p = .1, *p < .05, **p < .01 and ***p < .0001). Data are
represented as mean + SEM. The significances are represented as: *
WT vs. GFAP-IL10Tg; in WT animals, a: Indicates significance vs. NL
and b: Significance vs. 3 dpl; in transgenic animals a’ and b’ indicates
significance vs. NL and 3 dpl, respectively [Color figure can be viewed
at wileyonlinelibrary.com]
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of monocyte/macrophages as well as T-cell infiltration. All these
changes are linked to slight modifications in the expression profile of
some cytokines/chemokines, especially IL-2, and, as discussed later,
must be associated with indirect effects derived from the influence of

IL-10 over astrocytes and/or neurons, the main cells expressing IL-10R.

4.1 | Increased microglia/macrophage cell density in
GFAP-IL10Tg mice after PPT is not due to microglial
proliferation but due to the recruitment of bone-
marrow-derived monocytes

The total transection of the PP projections connecting the entorhinal
cortex with the DG of the hippocampus leads to a rapid activation of
microglial cells in the outer two thirds of the ML (i.e., the MML and
OML), characterized not only by changes in their phenotype but also
by a notable increase in the number of cells (Dissing-Olesen et al.,
2007; Finsen et al., 1999; Hailer, Grampp, & Nitsch, 1999; Ladeby,
Wirenfeldt, Garcia-Ovejero, et al., 2005; Matthews et al., 1976). In
concordance, our results showed that after PPT the number of
microglia/macrophages augmented progressively in both WT and
GFAP-IL10Tg animals although with some dissimilarities. Our obser-
vations demonstrated that in most of the analyzed time-points, the
number of microglia/macrophages was significantly higher in GFAP-
IL10Tg animals than in WT, indicating that IL-10 production must
have an essential impact on the underlying mechanisms regulating
microglial/macrophage increase in this paradigm.

Microglial proliferation has been considered one of the causes
of microglial/macrophages expansion in the PPT paradigm. As
already reported (Dissing-Olesen et al., 2007; Ladeby, Wirenfeldt,
Garcia-Ovejero, et al., 2005; Wirenfeldt et al., 2007), the number of
microglia/macrophages showed a significant increase in the deaffer-
ented outer two thirds of the ML, within the first 3 days postlesion.
In agreement, our study show that majority of proliferating pH3+
microglial cells were observed at early time-points in WT mice, espe-
cially at 2 dpl but also at 3 dpl. In contrast, GFAP-IL10Tg animals

exhibited a delay in microglial cell proliferation as well as a reduction
in the total number of mitotic cells, which correlates with the lower
fold-increase reported in these transgenic animals in terms of Ibal
and Pu.1. Although it seems paradoxical, having in mind the high
increase in the number of microglia/macrophages observed in
GFAP-IL10Tg animals, it is important to take into an account that
the amount of these cells in transgenic animals is already higher
under NL basal conditions. These results presumably designate IL-10
as a microglial proliferation inhibitory molecule. However, in vitro
studies reported that IL-10 administration does not have a direct
effect on microglial proliferation (Kloss, Kreutzberg, & Raivich, 1997;
Lam & Schlichter, 2015; Sawada, Suzumura, Hosoya, Marunouchi, &
Nagatsu, 1999; Strle et al., 2002), suggesting that microglial prolifer-
ative alterations reported in our study might actually be an indirect
effect mediated by IL-10. We believe most of the microglial cell
modifications observed in this study might be indirect conse-
quences derived from the effects of IL-10 on astrocytes or neurons,
as they are the principal cell types expressing IL10R after PPT. As
discussed in the following sections, one of the probable actions of
IL-10 is to greatly diminish the levels of IL-2, a cytokine directly
implied on the potentiation of microglial proliferation (Sawada,
Suzumura, & Marunouchi, 1995).

In addition to proliferation, it is reported that, microglial/macro-
phage cell expansion after PPT is due to the cell migration of micro-
glia from adjacent non-affected areas, such as the IML, the CA1, and
the hilus (Gehrmann, Schoen, & Kreutzberg, 1991; Jensen, Gonzalez,
Castellano, & Zimmer, 1994) along with the recruitment of bone-
marrow-derived monocytes/macrophages (Babcock et al., 2003;
Bechmann et al., 2005; Ladeby, Wirenfeldt, Garcia-Ovejero, et al.,
2005). In this context, we found that although the migration of
microglial cells from the IML was contributing to the increase in the
number of microglia/macrophages in the OML and MML in both WT
and GFAP-IL10Tg animals, the number of microglial cells decreased
similarly in the IML, suggesting that this migrating phenomenon is
not responsible for the changes produced by transgenic IL-10. We
believe, if the increased number of microglial cells observed in trans-
genic animals could not be explained by proliferation or migration,
it is more plausible that IL-10 would influence the recruitment
of bone-marrow-derived monocytes/macrophages. In this regard,
our results showed that in comparison to WT, in GFAP-IL10Tg mice
there was an increase in the population of CD11b+/CD45"€" cells,
at all time-points analyzed, presumably comprising macrophages,
monocytes, and dendritic cells. Among these CD11b+/CD45"e" cells
population, transgenic animals presented a high number of Ly6C+
cells, which are considered as “inflammatory monocytes” (Yang,
Zhang, Yu, Yang, & Wang, 2014). This supports our hypothesis that
IL-10 may be able to increase monocyte infiltration in this paradigm
or at least may modify the phenotype of microglia toward a more
macrophage/monocyte-like phenotype. To clarify the contribution
of blood-derived monocyte/macrophages in transgenic animals, fur-
ther experiments using chimera animals will be very necessary.

Another possibility that we have explored to explain the increase
in the number of microglia/macrophages in transgenic animals is that
IL-10 could prevent the restoration of microglial cell number. After

different types of injuries, the restoration of microglial cell numbers is
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commonly regulated by programmed cell death, or apoptosis (Jones,
Kreutzberg, & Raivich, 1997; Streit, Walter, & Pennell, 1999), and IL-
10 has been associated to protection of microglia from apoptosis
(Strle et al., 2002). We could not detect any evidence of apoptosis,
monitored by caspase-3 and TUNEL, at any time-point analyzed in

@) 76F-p1

ML

WT 7 dpl

(b)

either WT or GFAP-IL10Tg animals. Our observations are in concor-
dance with previous studies showing that after entorhinal cortex
lesion in rats, the DG was devoid of TUNEL+ cells at all stages after
lesion (Bechmann et al., 1999), but differ from one study (Wirenfeldt
et al., 2007) showing CD11b+/CD45™/Annexin V+ cells in the entire
hippocampus of deafferented mice at 3-14 dpl. This controversy
highlights the need of more specific studies to clarify whether there
are apoptosis of microglia/macrophages in this paradigm and the
exact mechanism of this death.

4.2 | Astrocyte-targeted production of IL-10
modulates the activation phenotype of microglia/
macrophages toward a downregulated phenotype

In addition to alterations in the number of both microglia and macro-
phage cell populations, our results indicate that IL-10 has an effect on
the activation phenotype of both cell populations directing them
toward a downregulated phenotype. While PPT-activated microglia
and macrophages in WT animals experimented an increase in ICOSL
and CD11c; in GFAP-IL10Tg mice, despite the higher number of
microglia/macrophages, these populations do not display any change
in the expression of activation markers after PPT, that is, values
remained similar to those found in their corresponding NL animals.
These observations suggest that transgenic IL-10 may have a role
deactivating the induction of microglial reactivity after PPT. In fact,
several studies have demonstrated a downregulatory effect of IL-10
over microglia and macrophage activation in vitro (Kremlev &
Palmer, 2005; Ledeboer, Breve, Poole, Tilders, & Van Dam, 2000;
Lodge & Sriram, 1996; Sawada et al., 1999), and in vivo (Jackson,
Messinger, Palmer, Peduzzi, & Morrow, 2003; Pang, Rodts-Palenik,

TGF-p1

GFAP-IL10Tg 7 dpl

GFAP

FIGURE9 TGF-B1 expression in astrocytes after PPT. (a) Representative images from WT and GFAP-IL10Tg mice showing single TGF-p1
staining in PPT-lesioned animals at 7 dpl. Black arrows indicate TGF-p1* cells. Scale bar = 10 pm. (b) Representative images of TGF-p1 (red) and
GFAP (green) double-labeling at 7 dpl in both WT and GFAP-IL10Tg animals showing colocalization of both markers [Color figure can be viewed

at wileyonlinelibrary.com]
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Cai, Bennett, & Rhodes, 2005; Ren et al., 2011; Shechter et al.,
2009; van Strien et al., 2010; Yang et al., 2009).

The activation markers analyzed in this study, MHCII, ICOSL, and
CD11c, are molecules commonly related to the antigen presenting
capacity. The fact that the population of microglia and macrophages
in GFAP-IL10Tg animals presented lower number of positive cells for
these markers, indicates that they have lower molecular resources to
interact with T-cells. These results, together with the sustained pres-
ence of T-cells observed in transgenic animals, suggest alterations in
the microglia/macrophage capacity to cross-talk with lymphocytes.

The unique marker that we observed upregulated in both microglia
and macrophage populations in GFAP-IL10Tg mice is Ly6C. Interest-
ingly, Ly6C expression was not exclusively detected on the CD11b+/
CD45"&" population but also on the CD11b+/CD45°"/ "t microglia
population, indicating their phenotype of “inflammatory monocytes.”
These results are in concordance with other studies using chimeras
that showed a small number of cells with microglia-like phenotype
characterized by the expression of CD45™/CD11b+/GFP+/Ly6C+.
Furthermore, using a model of West Nile virus infection, some authors
showed that, in non-irradiated mice, Ly6C"" inflammatory mono-
cytes migrate to the infected CNS and develop a microglial phenotype
maintaining their Ly6C expression (Getts et al., 2008). Moreover, it
has been reported that Ly6CM&"/CCR2+ monocytes specifically
accumulated in CNS lesions and can be differentiated into microglial
cells (Mildner et al., 2007). The fact that expression of Ly6C in the
population of microglia was only detected in GFAP-IL10Tg animals
opens the possibility that may be, infiltrated monocytes in transgenic
animals are able to differentiate into microglia maintaining the
expression of Ly6C. Determinations of the mechanism underlying
this conversion or the molecules regulating it are interesting targets

for future investigations.

4.3 | Astrocyte-targeted production of IL-10
produces alterations in the cytokine/chemokine
profile after PPT

In concomitance with glial response and leucocyte infiltration, several
studies have reported changes in the expression levels of cytokines and
chemokines after PPT (Babcock et al., 2003; Babcock et al., 2008;
Finsen et al., 1999; Grebing et al., 2016; Ladeby, Wirenfeldt, Garcia-
Ovejero, et al., 2005; Matthews et al., 1976). Interestingly, our find-
ings show no variation in most of the cytokines analyzed, after PPT
including IL-1p, IFN-y, IL-9, IL-5, and IL-12p70. Only the cytokines
IL-6 and IL-2 were upregulated in the lesioned hippocampus of WT
animals. Moreover in line with previous studies (Babcock et al,
2003), on the PPT-lesioned hippocampus of WT animals, we found
an upregulation of the chemokines monocyte chemoattractant pro-
tein (MCP1/CCL2) and interferon inducible protein-10 (IP-10/
CXCL10). Both these molecules are implicated in the recruitment of
macrophages and T-cells to the injured hippocampus (Babcock et al.,
2003), in concordance with the infiltration of both CD11b+/CD45"e"
and T-cell populations we have found.

Astrocyte-targeted production of IL-10 produced only mild
effects on the cytokine/chemokine profile. The most affected cyto-

kine was IL-2, a cytokine closely related with the activation of T-cells,
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driving the differentiation of naive T-cells to effector or memory T-
cells (Liao, Lin, & Leonard, 2011). IL-2 expression was significantly
lower in GFAP-IL10Tg animals than in WT at all time-points after PPT,
suggesting that, not only microglia/macrophage but also lymphocyte
function are affected by transgenic IL-10 production. IL-2 deficiency
has been linked to increase T-cell trafficking to the brain after facial
nerve axotomy (Huang, Meola, & Petitto, 2012). In our study, we
observed that, the infiltration of T-cells remained high in transgenic
animals throughout the different time-points after PPT possibly due
to low IL-2 expression. Noticeably, higher levels of CXCL10 detected
in GFAP-IL10Tg mice at 7 dpl also correlated with a stable infiltra-
tion of T-cells as well as with an increased number of CD11b
+/CD45"&" population. This observation reinforces our hypothesis
that transgenic production of IL-10 is able to induce an increased
recruitment of bone-marrow-derived monocytes by modifying the
expression of key chemokines.

Finally, we want to point out that IL-5, a cytokine produced by
microglia and astrocytes in the CNS (Sawada et al., 1999), and whose
function has been related to induction of microglial proliferation
in vitro (Liva & de Vellis, 2001; Ringheim, 1995), decreased in trans-
genic animals at 3 dpl. At this time-point, the number of proliferating
microglia was also seen to be lower than in WT possibly due to low

IL-5 levels.

4.4 | Astrocytes and neurons are the principal cells
expressing IL-10R after PPT

IL-10R expression was described in microglial cells under both
healthy (Gonzalez et al., 2009) and inflammatory conditions in the
CNS (Hulshof et al., 2002; Strle et al., 2002). Assuming these evi-
dences, we hypothesized that the altered microglial/macrophage
phenotype found in GFAP-IL10Tg after PPT may be due to a direct
effect of IL-10 on microglia bearing the IL-10R. However, when we
analyzed the cell types expressing IL-10R we found that its expres-
sion was detected mainly in astrocytes and neurons at all time-points
after PPT. These results are in agreement with previous in vitro and
in vivo studies reporting the expression of IL-10R in astrocytes
under basal conditions and after LPS administration (Ledeboer et al.,
2002; Norden, Fenn, Dugan, & Godbout, 2014) and in specific popu-
lations of neurons, such as the facial (Xin et al., 2011) and spinal cord
motorneurons (Zhou et al., 2009). In no case, we were able to detect
this receptor in microglia cells. Therefore, changes found in the
microglia/macrophage populations in this study may be more likely
due to an indirect effect through neurons and/or astrocytes. Further-
more, our previous studies demonstrated that in basal conditions,
GFAP-IL10Tg animals has modifications, not only in microglial cells, but
remarkably also in neuronal electrophysiology showing lower excit-
ability of the hippocampal CA3-CA1 synapsis and absence of long-
term potentiation (Almolda’15). Moreover, we have reported that
transgenic IL-10 production plays a neuroprotective role after facial
nerve axotomy (Villacampa'16). Therefore, we cannot exclude the
possibility that these basal modifications in neurons could impact
the development of the PPT lesion. Although there is abundant
information about the communication between microglia and neu-

rons and how these cell types regulated each other by both
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contact-dependent or contact-independent mechanisms (Chavarria &
Cardenas, 2013; Eyo & Wu, 2013); but there is a lack of data on
microglia-astrocyte communication. Only a scarce number of stud-
ies have been focused on whether astrocytes can influence the
phenotype of microglial cells under basal conditions or after acti-
vation (Abutbul et al., 2012; Schilling, Nitsch, Heinemann, Haas, &
Eder, 2001; Tanaka et al., 1999). In particular, a study conducted
by Norden et al. (2014), demonstrated that astrocytes stimulated
by IL-10 are able to produce TGF-p and that this TGF-f attenuates
LPS-induced microglial activation. In agreement with this, we also
found an increase in the TGF-p1 expression in astrocytes of
GFAP-IL10Tg, especially at early time-points, coinciding with the
major differences observed in microglia/macrophage populations
(Figure 9). Furthermore, TGF-p has been demonstrated as a strong
inhibitor of microglial proliferation (Jones, Kreutzberg, & Raivich,
1998) and, in the context of PPT, as a beneficial treatment to pre-
serve the neuronal projections in the deafferented area (Eyupoglu,
Bechmann, & Nitsch, 2003). Interestingly, this beneficial effect of
TGF-B in the hippocampus is linked to a reduction in microglial
activation (Eyupoglu et al., 2003), coinciding with the downregu-
lated phenotype of microglia/macrophages observed in GFAP-
IL10Tg animals. Thus, these observations suggest that, in the PPT
paradigm, TGF-p is one of the candidate molecules to mediate the
effects observed in GFAP-IL10Tg by modifying microglia-

astrocyte communication.

5 | CONCLUSION

Altogether these results revealed that astrocyte-targeted produc-
tion of IL-10 increases the numbers of microglia/macrophages along
the PPT, by increasing the infiltration of monocyte/macrophages.
Transgenic IL-10 production also reduces the proliferation and
changes the phenotype of microglia/macrophage cells promoting a
lower activation state in both populations. Apart from microglia/
macrophages, astrocyte-targeted production of IL-10 affected
T-cell infiltration inducing a sustained presence of these cells along
all time-points after PPT.

Finally, our observations indicate that the effects of IL-10 on the
population of microglia/macrophages and lymphocytes occurs indi-
rectly acting through astrocytes and neurons since these are the cells
that express IL-10R after PPT. TGF-B produced by astrocytes, IL-2,
and CXCL10 are the molecules that can be mainly involved in the
actions of IL-10 in the PPT paradigm.
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Chronic exposure to IL-6 induces a
desensitized phenotype of the microglia
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Abstract

Background: When the homeostasis of the central nervous system (CNS) is altered, microglial cells become
activated displaying a wide range of phenotypes that depend on the specific site, the nature of the activator, and
particularly the microenvironment generated by the lesion. Cytokines are important signals involved in the
modulation of the molecular microenvironment and hence play a pivotal role in orchestrating microglial activation.
Among them, interleukin-6 (IL-6) is a pleiotropic cytokine described in a wide range of pathological conditions as a
potent inducer and modulator of microglial activation, but with contradictory results regarding its detrimental or

beneficial functions. The objective of the present study was to evaluate the effects of chronic IL-6 production on
the immune response associated with CNS-axonal anterograde degeneration.

Methods: The perforant pathway transection (PPT) paradigm was used in transgenic mice with astrocyte-targeted
IL6-production (GFAP-IL6TQ). At 2, 3, 7, 14, and 21 days post-lesion, the hippocampal areas were processed for
immunohistochemistry, flow cytometry, and protein microarray.

Results: An increase in the microglia/macrophage density was observed in GFAP-IL6Tg animals in non-lesion
conditions and at later time-points after PPT, associated with higher microglial proliferation and a major monocyte/
macrophage cell infiltration. Besides, in homeostasis, GFAP-IL6Tg showed an environment usually linked with an
innate immune response, with more perivascular CD11b*/CD45M%"/MHCII*/CD86" macrophages, higher T cell
infiltration, and higher IL-10, IL-13, IL-17, and IL-6 production. After PPT, WT animals show a change in microglia
phenotype expressing MHCII and co-stimulatory molecules, whereas transgenic mice lack this shift. This lack of
response in the GFAP-IL6Tg was associated with lower axonal sprouting.

Conclusions: Chronic exposure to IL-6 induces a desensitized phenotype of the microglia.

Keywords: Axonal sprouting, Primed microglia, T cell, Monocyte, MHCII

Background

It is well established that perturbation in the central ner-
vous system (CNS) as a consequence of an acute or
chronic injury leads to microglial cell activation. This ac-
tivation is totally dependent on the type, location, and
duration of damage as well as the specific environment
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in which microglial cell activation takes place [45, 61].
Recent progress in cell-specific transcriptome profiling
has been contributed in deciphering the role of microglia
in both physiological and pathological conditions, reveal-
ing microglia acquire different cell activation signatures
associated with an acute injury, chronic neurodegenera-
tive diseases, or aging [48]. Among the different factors
controlling microglial cell activation, cytokines and espe-
cially the balance between pro- and anti-inflammatory
molecules play an essential role [46].
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Among the plethora of cytokines that can act on
microglia, IL-6 is a molecule that plays an important
function as a regulator of inflammatory and immuno-
logical responses not only in the periphery [54, 55, 89]
but also in the CNS. In the healthy CNS, neurons, glial
cells, and endothelial cells express low levels of IL-6 and
IL-6R [23, 34, 79, 83, 84]. However, an upregulation of
these two molecules is observed after acute insults, such
as traumatic brain injury and ischemia, as well as in
chronic neurodegenerative conditions like Alzheimer’s
and Parkinson’s diseases [11, 13, 30, 71, 86]. Both detri-
mental and beneficial functions have been described for
IL-6 [19, 77]. On the one hand, IL-6 has been classified
as a pro-inflammatory cytokine with a noxious role,
based on the evidence that, together with other cyto-
kines like TNF-a and IL-1pB, acts as a major stimulator
of the inflammatory response in the CNS [11, 30, 35],
promoting neuronal death [3, 22]. Nevertheless, other
studies indicated that IL-6 might have anti-inflammatory
and neuroprotective effects after different kind of injur-
ies including spinal cord injury [20], ischemia [64], and
sciatic nerve transection [51]. Concerning microglia,
in vitro and in vivo studies showed the capacity of IL-6
to induce activation, increasing microglial cell prolifera-
tion, as well as the production of microglia-derived pro-
inflammatory molecules [15, 17, 21, 57, 91]. Moreover,
IL-6 also can drive lymphocyte differentiation as demon-
strated by some studies where, in the presence of TGF-
b, T cell responses are polarized toward a T-regulatory
phenotype, whereas the addition of IL-6 changes the
phenotype of T lymphocytes toward a Th17 pathogenic
phenotype [12].

The objective of the present study was to investigate
the effects of chronic exposure to IL-6 on the phenotype
of microglia cells, linked to anterograde axonal degener-
ation. For this purpose, perforant pathway transection
were performed in the GFAP-IL6 transgenic (Tg) mouse
model, in which chronic production of IL-6 was select-
ively targeted to astrocytes in the CNS [16, 17]. This
type of lesion produces a dense anterograde and ter-
minal axonal degeneration, glial cell activation, and
axonal sprouting within the molecular layer of the fascia
dentata, a very specific area of the hippocampus, making
it a very useful tool to study modifications in these re-
sponses associated to variations in the microenviron-
ment. Hence, the PPT paradigm has been extensively
used as a model to study the mechanisms that initiate
the innate immune response and the microglial response
without blood-brain barrier disruption [6, 32].

Materials and methods

Animals

For the present study, a total of 94 GFAP-IL6Tg animals
[17] (6-7 months old) and 79 wild-type (WT)
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littermates of both sexes were used. Animals were main-
tained at constant temperature (24 + 2 °C) and housed
on a 12-h light/dark cycle with food and water ad libi-
tum during all the experiment. All experimental animal
work was conducted in accordance to Spanish regula-
tions (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 Commission of
the Autonomous University of Barcelona. All efforts
were made to minimize the number of animals used to
produce reliable scientific data, as well as animal
suffering.

Perforant pathway transection and experimental groups
GFAP-IL6Tg (n = 76) and WT mice (n = 62) were
subjected to wire-knife unilateral perforant pathway
transection (PPT). Briefly, animals were anaesthetized
with intraperitoneal injection of a solution of ketamine
(80 mg/kg) and xylazine (20 mg/kg) at dose of 0.01 mL/
g body weight. Anaesthetized mice were placed in a
stereotaxic device (Kopf Instruments®) and a small win-
dow in the skull was created by drilling in the left side of
the skull (4.6 mm dorsal to Bregma and 2.5 mm lat-
erally). A folded wire-knife (McHugh Milleux, m121)
was inserted at an angle of 15° anterior and 10° lateral.
The knife was unfolded at 3.6 mm ventrally and the per-
forant pathway (PP) was transected retracting the knife
3.3 mm. Finally, the knife was folded and removed from
the brain. After surgery, the skin was sutured with 2-0
silk and the wound cleaned with iodine.

Non-lesioned (NL) and lesioned animals were distrib-
uted in different experimental groups for immunohisto-
chemistry (IHC), flow cytometry, and protein analysis, as
detailed in Table 1.

5' Bromodeoxyuridine injections

In order to determine microglia/macrophage prolifera-
tion, the labeling of proliferative cells with 5° bromo-
deoxyuridine (BrdU) was used. BrdU is a synthetic
thymidine analog that incorporates into the DNA of div-
iding cells during S-phase and can be transferred to
daughter cells upon replication. Lesioned WT (n = 5)

Table 1 Experimental groups of animals

NL 2dpl 3dpl 7dpl 14dpl 21dpl
WT IHC (n = 45) 6 6 8 10 8 7
FC (n=22) 8 7 7
Protein (n =12) 3 3 3 3
GFAP-IL6Tg  IHC (n = 53) 7 7 9 9 10 11
FC (n = 24) 8 8 8
Protein (n=17) 3 5 4 5
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and GFAP-IL6Tg animals (n = 6) were intraperitoneally
(i.p.) injected with BrdU (50 mg/kg) diluted in TB (0.05
Trizma base, pH 7.4) every 24 h from the day of lesion
to 7 days post-lesion (dpl), and subsequently euthanized
at 7dpl.

Tissue processing for histological analysis

Animals were anaesthetized as described above, but at
0.015ml/g body weight concentration, and then per-
fused intracardially for 10 min with 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4). Brains were
immediately removed and post-fixed for 4 h at 4 °C
in the same fixative and, after phosphate buffer rinses,
cryopreserved in a 30% sucrose solution in 0.1 M
phosphate buffer for 48 h at 4 °C and frozen in ice-
cold 2-methylbutane solution (320404, Sigma-Aldrich).
A series of horizontal parallel sections (30-pm-thick)
were obtained using a Leica CM3050 cryostat and
stored free-floating in Olmos anti-freeze solution at
-20°C until used.

Table 2 Reagents used for IHC
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Toluidine blue staining

Sections were mounted onto gelatinized slides, air dried
at RT for 1 h, and then were incubated for 1 min in a
solution containing 0.1% toluidine blue diluted in Wal-
pole’s buffer (0.05 M, pH 4.5). After washes in distilled
water, sections were dehydrated in graded alcohols, N-
butyl alcohol, and after xylene treatment, coverslipped
with DPX mounting media.

Single stain immunohistochemistry

Free-floating sections were processed for the study of
microglial morphology, distribution, density, and pheno-
type using antibodies against Ibal, Pu.1l, CD45, MHCII,
CD206 (Table 2). For the analysis of microglia prolifera-
tion, sections were stained with anti-phospho-histone
H3 (pH3) and BrdU, whereas for microglial cell death
evaluation, anti-caspase 3 antibody was used. Finally,
lymphocyte recruitment was analyzed using antibody
against CD3, a pan marker for T lymphocytes. In all
cases, sections were washed several times with 0.05 M
Tris-buffered saline (TBS) pH 7.4 and with TBS

Target antigen Host Dilution Cat Number Manufacturer
Primary antibodies Ibal Rabbit 1:3000 019-19741 Wako

Pu.l Rabbit 1:400 22585 Cell Signaling

CD45 Rat 1:1000 MCA1031G AbD Serotec

pH3 Rabbit 1:3000 06-570 Millipore

BrdU Rat 1:120 Ab6326 Abcam

Caspase 3 Rabbit 1:1000 AF835 R&D Systems

Iba1 Rabbit 1:1000 GTX100042 Genetex

CD3 Hamster 1:500 MCA2690 AbD Serotec

MHCII (1A) Rat hybridoma 1:25 TIB-120 ATCC

CD206 Rat 1:500 MCA2235GA AbD Serotec

CD28 Rabbit 1:50 ab203084 Abcam

CTLA-4 Rabbit 1:25 ab237712 Abcam

Laminin Rabbit 1:500 AMP420 Biorad

TMEM119 Rabbit 1:1000 ab209064 Abcam

GFAP Mouse 1:3000 63893 Sigma
Secondary antibodies Biotinylated Rabbit 1:500 BA-1000 Vector Laboratories

Biotinylated Hamster 1:500 BA-9100 Vector Laboratories

Biotinylated Rat 1:500 BA-4001 Vector Laboratories

Alexa 555 Rat 1:1000 A11006 Invitrogen

Alexa 488 Rabbit 1:500 A21206 Invitrogen

Cy2 Mouse 1:500 PA42003 GE Healthcare Lifescience
Streptavidin Alexa Fluor-555 1:500 $32355 Molecular Probes
Streptavidin Alexa Fluor-488 1:500 S11223 Molecular Probes
Streptavidin-HRP 1:500 SA-5004 Vector Laboratories
DAPI 1:10000 D9542 Sigma Aldrich
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containing 1% Triton-X100 (TBST, pH 7.4). In the case
of Pu.l staining, sections were exposed to antigen re-
trieval by treatment with sodium citrate buffer (pH 8.5)
for 40 min at 80 °C. Endogenous peroxidase was blocked
by incubating the sections for 10 min with 2% H,O, in
70% methanol. For BrdU detection, DNA was denatured
by first incubating in 0.082 N HCl for 10 min at 4 °C
and then for 30 min in 0.82 N HCI at 37 °C. Sections
were then rinsed with borate buffer (pH 8.5) and 0.5%
Triton X-100 in TBS. Afterwards, all sections were incu-
bated for 1 h at room temperature (RT) in blocking buf-
fer solution (BB) containing 10% fetal bovine serum in
TBST. After that, sections were incubated overnight at 4
°C followed by 1h at RT with primary antibodies diluted
in BB, as specified in Table 2. Sections from spleen and
gut were used as positive control whereas sections incu-
bated in BB lacking the primary antibody were used as
negative control. After washes with TBST, sections were
incubated for 1 h at RT with biotinylated anti-rabbit sec-
ondary antibody biotinylated anti-hamster secondary
antibody or biotinylated anti-rat secondary antibody
(Table 2) diluted in BB. After 1 h at RT in streptavidin-
peroxidase, the reaction was visualized by incubating the
sections in the 3,3-diaminobenzidine (DAB) kit (SK-
4100; Vector Laboratories, USA) following the manufac-
turer’s instructions. Finally, sections were mounted on
slides, counterstained with 1% toluidine blue, dehy-
drated in graded alcohols, and, after xylene treatment,
coverslipped with DPX. Sections were analyzed with a
Nikon Eclipse 80i brightfield microscope and photo-
graphed with a DXM 1200F Nikon digital camera.

Double stain immunohistochemistry

Double immunolabeling for BrdU with either Ibal or
GFAP was carried out to identify proliferating microglia/
macrophages and astrocytes. Sections were firstly proc-
essed for BrdU as described above, with anti-rat Alexa-
Fluor 555-conjugated antibody as secondary antibody
(Table 2). After several washes with TBST and 1 h incuba-
tion in BB at RT, sections were incubated overnight at 4
°C followed by 1 h at RT with rabbit anti-Ibal and mouse
anti-GFAP antibody diluted in BB (Table 2). After washes
in TBST, sections were incubated with either anti-rabbit
Alexa-Fluor  488-conjugated or anti-mouse Cy2-
conjugated secondary antibodies (Table 2). Finally, sec-
tions were washed with TBST, followed by TBS and TB,
and the nuclei stained with 4,9,6-diamidino-2-phenylin-
dole (DAPI) for 10 min (Table 2).

To study the expression of co-stimulatory molecules
on T cells double immunolabeling combining CD28 or
CTLA-4 with CD3 were performed (Table 2). Sections
were firstly processed for CD3 as described above, but
using Alexa-Fluor 488-conjugated streptavidin instead of
horseradish streptavidin-peroxidase (Table 2). Then,
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sections were incubated overnight at 4 °C and 1 h at RT
with anti-CD28 and anti-CTLA-4 followed by anti-
rabbit Alexa-Fluor 555-conjugated secondary antibody
(Table 2).

To analyze the localization of MHCII" cells, double
immunofluorescence combining MHCII with laminin
was performed (Table 2). Sections were firstly processed
for MHCII as described above, but using Alexa-Fluor
555-conjugated streptavidin instead of horseradish
streptavidin-peroxidase (Table 2). Then, sections were
incubated overnight at 4 °C and 1 h at RT with anti-
laminin followed by anti-rabbit Alexa-Fluor 488-
conjugated secondary antibody (Table 2).

To study the phenotype of MHCII" cells, double im-
munofluorescence combining MHCII with Tmem119, a
defined microglia-specific marker [10], was performed
(Table 2). Sections were firstly processed for Tmem119 as
described above, but using Alexa-Fluor 488-conjugated
streptavidin instead of horseradish streptavidin-peroxidase
(Table 2). After that, sections were incubated overnight at
4 °C and 1 h at RT with anti-MHCII followed by anti-rat
Alexa-Fluor 555-conjugated secondary antibody (Table 2).

Sections incubated in BB lacking the primary antibody
were used as negative control and sections from spleen
and spinal cord from EAE-induced mice were used as
positive control for the different immunostains. Finally,
all double-immunostained sections were mounted on
slides, coverslipped with Fluoromount GTM (0100-01;
SouthernBiotech, Birmingham, AL), and analyzed using
Nikon Eclipse E600 fluorescence microscope and a Zeiss
LSM 700 confocal microscope using a x 40 objective.

Terminal dUTP nick end labeling

In addition to caspase-3 immunohistochemistry, the study
of microglial cell death was performed on sections double
stained for terminal dUTP nick end labeling (TUNEL)
and Ibal. Briefly, sections were mounted on slides and
treated for 5 min with 100% methanol for endogenous
peroxidase blocking. Then, sections were rinsed in 10 mM
Tris buffer (pH 8) and 5 mM EDTA followed by incuba-
tion for 15 min at RT in the same buffer plus Proteinase K
(20 pg/mL). After several washes with 5 mM EDTA, sec-
tions were incubated for 10 min at RT in TdT buffer con-
taining 30 mM Tris, 140 mM sodium cacodilate, and 1
mM cobalt chloride (pH 7.7). After that, sections were in-
cubated for 20 min at 37 °C in TdT buffer plus 0.161 U/
puL TdT enzyme (Terminal Transferase, 3333566 Roche,
Manheim, Germany) and 0.0161 nmol/pL of biotin-16-
dUTP (1093070, Roche, Manheim, Germany). The reac-
tion was stopped by submerging sections twice in citrate
buffer (300 mM sodium chloride, 30 mM sodium citrate,
5 mM EDTA) for 5 min. After several washes with TBS,
sections were incubated for 1 h at RT with HRP-
conjugated streptavidin (Table 2) and the peroxidase
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reaction visualized by incubation in a 3,3-DAB kit plus 1%
of cobalt (SK-4100; Vector Laboratories, USA), following
the manufacturer’s instructions. After that, sections were
incubated with Ibal antibody (1:1000) (Table 2) using the
same protocol described in the single IHC section. Sec-
tions from gut were used as positive control. Finally, sec-
tions were dehydrated in graded alcohols and, after xylene
treatment, coverslipped in DPX.

Sulfide-silver staining

Collateral sprouting in non-lesioned and lesioned ani-
mals was analyzed at 14 and 21 dpl, using a variation of
the sulfide-silver staining technique, as described by
Danscher [24]. Briefly, animals were injected intraperito-
neally with sodium selenite (10 mg/kg) and 1 h later, an-
imals were perfused and postfixed as described above.
After that, brains were removed and cryoprotected with
30% sucrose solution in 0.1 M phosphate buffer at 4 °C
for 48 h and frozen as described above. Frozen parallel
transversal sections (30 um thick) were obtained using a
cryostat (Leica, CM 3050S) and mounted on slides. Sec-
tions were incubated to visualize metal precipitates.
Briefly, slides were rinsed in 95% EtOH for 15 min, then
2 min in 70% alcohol, 50% alcohol, and rinsed again with
dH,O for 30 min. Following rehydration, sections were
incubated with the developer solution that contains 60
mL of arabic gum (0.5 kg/L), 10 mL of sodium citrate
buffer 0.2 M, 15 mL hydroquinone (0.85 g diluted in 15
mL of dH,0), and 15 mL silver lactate (0.12 g diluted in
15 mL of dH,O) in a water bath at 26 °C protected from
light for 60—80 min [24]. After that, sections were rinsed
in 5% sodium thiosulfate for 12 min and rinsed again
with dH,O. Sections were postfixated in 70% alcohol for
30 min, dehydrated in alcohol, rinsed in xylene and cov-
erslipped with DPX.

Brightfield microscopy densitometric analysis
Densitometric analysis in NL and lesioned animals was
performed on sections immunolabeled for Ibal to assess
microglia state. A minimum of three animals per genotype
and experimental time-point were analyzed. A total of 9
photographs from 3 different sections per animal contain-
ing the left molecular layer (ML) of the dentate gyrus
(DG) were captured using the x 20 objective with a DXM
1200F Nikon digital camera joined to a brightfield Nikon
Eclipse 80i microscope, using the software ACT-1 2.20
(Nikon corporation) (Suppl. Fig. 1). By means of analySIS®
software, both the percentage of area occupied by the
immunolabeling as well as the intensity of the immuno-
stain (Mean Grey Value Mean) was recorded for each
photograph. The Al index [2] was calculated as function
of the percentage of the immunostained area and the
Mean Grey Value Mean.
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In order to quantify microglial cell density, sections im-
munostained for the transcription factor Pu.l from a
minimum of three NL and three lesioned WT and GFAP-
IL6Tg at 2, 3, 7, 14, and 21 dpl were analyzed. In this case,
a total of 6 photographs from 3 different sections per ani-
mal were captured with the x 10 objective, using the same
device and software referred above. The number of Pu.1*
cells in the ML of the DG was obtained using the “Auto-
matic Cell Counter” (ITCN) plug-in from NIH Image J°
software (Wayne Rasband, National Institutes of Health,
USA). Data were expressed in cells/mm?.

Microglial cell proliferation was quantified on sections
immunostained for the mitotic marker pH3 as well as
BrdU in NL and PPT-lesioned animals at 2, 3, and 7dpl
in the case of pH3 and at 7dpl in the case of BrdU. For
pH3, a minimum of three WT and three GFAP-IL6Tg
animals per group were analyzed, whereas in the case of
BrdU, five WT and six GFAP-IL6Tg animals were used.
The number of both pH3" and BrdU" cells in the ML of
DG was manually counted on 20 (for pH3) and 10 dif-
ferent sections (for BrdU) per animal using a x 20 ob-
jective. Data were averaged and represented as pH3"
cells/section or BrdU" cells/section.

To evaluate T lymphocyte infiltration, sections stained
for CD3 were used. At least three WT and three GFAP-
IL-6Tg NL animals and at 2, 3, 7, and 14dpl were used.
All CD3" cells in the ML of DG were manually counted
on 20 sections per animal using a x 20 objective. Data
were averaged and represented as CD3™ cells/section.

To analyze axonal sprouting, sections stained with the
sulfide-silver staining were used. At least three WT and five
GFAP-IL6Tg NL animals and at 14 and 21 dpl were ana-
lyzed. A total of 24 photographs from 8 different hippocam-
pal sections per animal were captured at x 20 magnification
using the same device and software referred above. The per-
centage of area occupied was obtained using the analySIS®
software.

Morphometric analysis

Morphometric analysis of microglial cells was done on
sections immunolabeled for Ibal. At least three WT and
three GFAP-IL6Tg animals were analyzed. For each ani-
mal, a total of 30 representative microglial cells were
randomly chosen from 9 different photographs from the
ML of the DG of the hippocampus and photographed at
x 40 magnification. Using the analySIS® software, indi-
vidual cells were isolated and different parameters in-
cluding the area occupied, the sphericity (value equal to
1 indicates spherical shape and low values increased
elongation), the shape factor (high values indicate round
shape and low values ramified morphology), and the
elongation (value equal to 1 indicates round morph-
ology and high values increased elongation) were re-
corded for each cell.
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Flow cytometry analysis

The phenotype of the microglia/macrophage populations
and the T cell infiltration in NL and lesioned animals (at
3 and 7 dpl) were analyzed using flow cytometry as pre-
viously described [1].

Briefly, animals were anaesthetized and intracardially
perfused for 1 min with 0.1 M phosphate buffer solution
(PBS), brains removed, and the entire ipsilateral hippo-
campus was quickly dissected out. In order to obtain a
cell suspension, samples were dissociated through 140
pm and 70 um meshes and digested for 30 min at 37 °C
using collagenase type IV (17104-019, Life Technologies)
and DNAsa [ (D5025, Sigma). After that, 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 and 1.08
g/mL. Myelin in the upper layer was removed. Cells in
the interphase and in the clear upper-phase were col-
lected, washed in PBS + 2% serum, and the Fc receptors
were blocked by incubation for 10 min in a solution of
purified CD16/32 diluted in PBS + 2% serum. After-
wards, cells were labeled for 30 min at 4 °C with the fol-
lowing four combinations of cell surface antibodies: (1)
anti-CD11b-APC-Cy7,  anti-CD45-PerCPCy5,  anti-
CD11c-PE, anti-MHCII-FITC, anti-CD86-PE-Cy7, anti-
CD80-APC; (2) anti-CD11b-APC-Cy7, anti-CD45-
PerCPCy5, anti-Ly6C-FITC, anti-F480-APC, and anti-
ICOSL-PE; (3) anti-CD3-FITC, anti-CD4-APC-Cy7, and
anti-CD8-PerCPC; and (4) anti-CD3-FITC, anti-CD4-
APC-Cy7, anti-Tbet-PerCPCy5.5, anti-RORyt-APC, anti-

Table 3 Antibodies used in flow cytometry
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Foxp3-PE-Cy7, and anti-Gata3-PE (Table 3). 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
the Cyto Count™ fluorescent beads following the manu-
facturer’s instructions (52366, Dako Cytomation). Fi-
nally, 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.

Tissue processing for protein analysis

Animals used for protein analysis were i.p anaesthetized
(as described above) and perfused for 1 min with cold
0.1 M PBS (pH 7.4). Subsequently, the entire ipsilateral
hippocampus was dissected out, snap frozen individually
in liquid nitrogen, and stored at — 80 °C. Total protein
was extracted by solubilization of samples on lysis buffer,
containing 25 mM HEPES, 2% Igepal, 5 mM MgCl,, 1.3
mM EDTA, 1 mM EGTA, 0.1 M PMSF, and protease (1:
100, P8340, Sigma Aldrich) and phosphatase inhibitor
cocktails (1:100, P0044, Sigma Aldrich), for 2 h at 4 °C.
After solubilization, samples were centrifuged at 13,000
rpm for 5 min at 4 °C and the supernatants collected.
The hippocampus from each animal was analyzed separ-
ately. Total protein concentration was determined with a
commercial Pierce® BCA Protein Assay kit (#23225,
Thermo Scientific) according to manufacturer’s protocol.

Target antigen Format Dilution Cat Number Manufacturer

Fc blocker CcD16/32 Purified 1:250 553142 BD Pharmingen

Primary antibodies CD11b APC-Cy7 1:400 557657 BD Pharmingen
CD45 PerCPCy5 1:400 557235 BD Biosciences
MHCII FITC 1:400 553623 BD Pharmingen
CD1ic PE 1:400 557401 BD Pharmingen
Ly6C FITC 1:400 553104 BD Pharmingen
ICOSL PE 1:400 12-5985-82 BD Bioscience
CD86 PE-Cy7 1:400 560582 BD Pharmingen
CD80 APC 1:400 560016 BD Pharmingen
CD11c PE 1:400 557401 BD Pharmingen
F4/80 APC 1:400 17-4801-82 eBioscience
CD3e FITC 1:400 553062 BD Pharmingen
D4 APC-Cy7 1:400 552051 BD Pharmingen
[@pr PerCP 1:400 553036 BD Pharmingen
T-bet PerCPCy5.5 1:400 45-5825 eBioscience
RORyt APC 1:400 17-6988-82 eBioscience
Foxp3 PECy7 1:400 25-5773-80 eBioscience
Gata3 PE 1:400 560074 BD Pharmingen
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Protein lysates were stored at — 80 °C until used for the
protein microarray analysis.

Cytokine analysis

The cytokines IL-2, IL-6, [FN-y, IL-1f, IL12p70, IL-17,
IL-10, IL-13, IL-9, IL-5, and IL-4 and the chemokines
CXCL10 and CCL2 were analyzed using a Milliplex®
MAP Mouse Cytokine/Chemokine kit (#MCYTOMAG-
70K, Merck Millipore) according to the manufacturer’s
instructions. Briefly, 25 uL of each hippocampus extract
with a final total protein concentration of 2.5 pg/puL was
added to the plate, along with the standards in separate
wells, containing 25 pL of custom fluorescent beads and
25 pL of matrix solution and incubated overnight at 4 °C
in a plate-shaker (750 rpm). After two washes with wash
buffer (WB), the plate was incubated with 25 pL of de-
tection antibodies for 30 min at RT followed by incuba-
tion with 25 pL of Streptavidin-Phycoerythrin for 30
min at RT in a plate-shaker (750 rpm). Finally, the plate
was washed two times with WB and 150 pL 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.

Tissue processing for serum samples

Animals used for serum samples were i.p anaesthetized
(as described above) and blood extraction were per-
formed by cardiac puncture. After blood extraction,
samples were centrifuged at 10,000 rpm for 5 min at 4
°C and the supernatants collected. Finally, samples were
stored at — 80 °C until used for the ELISA analysis.

IL-6 ELISA

The IL-6 levels in serum were analyzed using a Mouse
IL-6 Uncoated ELISA kit (88-7064, Invitrogen) accord-
ing to the manufacturer’s instructions. Briefly, the plate
was coated overnight at 4 °C and after washes; wells
were blocked for 1 h at RT. After several washes, 100 puL
of each serum extraction and standards, in separated
wells, were added and incubated overnight at 4 °C. After
reagents incubations, and the addition of TMB solution
and Stop solution, results were read at 450 nm in the
microplate reader VarioskanTM Lux (ThermoFisher Sci-
entific) and data were expressed as pg/mL of protein.

Statistical analysis

Statistics were performed using the Graph Pad Prism 5.0
° software. To study the differences between NL WT
and NL GFAP-IL6Tg animals unpaired Student’s T test
was used, while two-way ANOVA followed by Tukey’s
post hoc analysis was used to study the effect of the le-
sion in both genotypes. All experimental values were
expressed as mean values + SD.
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Results

Astrocyte-targeted IL-6 production modifies the number
and morphology of microglia/macrophage cell
populations

Analysis of microglia/macrophage cell distribution and
morphology

To investigate possible changes in the brain cyto-
architecture and cell distribution, by astrocyte-targeted
IL-6 production in the CNS, a microscopic study was
performed on toluidine blue sections (Suppl Fig. 2). In
NL conditions, both WT and GFAP-IL6Tg animals
showed the same distribution of cells through the ML.
However, GFAP-IL6Tg showed an increased number of
cells. After PPT, the presence of cells increased in the
outer molecular layer (OML) and medial molecular layer
(MML) in both WT and GFAP-IL6Tg animals from 3 to
7 dpl. In parallel to changes found in the OML and the
MML, both WT and GFAP-IL6Tg animals showed a
progressive reduction of cells in the inner molecular
layer (IML) along the different time-points (from 3 to 14
dpl) (Suppl Fig. 2).

The possible changes in distribution and morphology
of the microglia/macrophage cell population evoked by
the transgenic production of IL-6 were analyzed using
Ibal IHC.

In NL WT animals, microglial cells showed the char-
acteristic ramified morphology throughout the ML of
the DG (Fig. 1a, f), whereas in the GFAP-IL6Tg mice,
microglia had a significant increase of Ibal immunoreac-
tivity (Fig. 1b) as well as morphological changes mainly
characterized by a greater number and thickness of ram-
ifications and an increase in the number of processes
(Fig. 1a). These qualitative morphological changes were
quantified by a morphometric analysis of different pa-
rameters such as the area, shape factor, the elongation,
and sphericity of individual Ibal® microglial cells. Con-
firming the qualitative findings, GFAP-IL6Tg animals
showed a significant increase in the area occupied by in-
dividual microglial cells (Suppl Fig. 3A). Moreover,
microglial cells in transgenic animals showed a higher
ramified morphology, as indicated by less values of shape
factor (Suppl Fig. 3D), and a rounded morphology
(Suppl Fig. 3B-C).

After PPT, Ibal immunoreactivity in WT animals in-
creased at 3 dpl and decreased at 21 dpl, whereas in
GFAP-IL6Tg animals Ibal showed a later increase at 7
dpl and remained stable until 21 dpl (Fig. 1a, b). Notice-
ably, at 2 and 14 dpl (Fig. 1b), GFAP-IL6Tg mice
showed higher levels of microglial cell Ibal compared to
WT (1651 + 376.6 vs. 3145 + 202.3 AI, WT/2dpl vs. Tg/
2dpl, p = 0.014 and 4160 + 939.0 vs. 2374 + 63.5 Al,
WT/14dpl vs. Tg/14dpl, p = 0.032). To quantify the dy-
namics of microglial activation following PPT lesion in
both WT and GFAP-IL6Tg animals, the fold-changes
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inner, medial, and outer molecular layer (IML, MML, and OML, respectively) of the dentate gyrus (DG) in non-lesioned (NL) and PPT-lesioned
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(area x intensity). In comparison with WT, GFAP-IL6Tg animals showed increased levels of Ibal at 2 and 14dpl. ¢, d Graphs showing the fold
change increase of Ibal expression in comparison with the corresponding NL animals in both WT and GFAP-IL6Tg mice. e Graph showing the
area occupied by Ibat in the IML in both WT and GFAP-IL6Tg at 3 and 7 dpl. A minimum of 3 animals per genotype and experimental time-point
were analyzed. A total of 9 photographs from 3 different hippocampal sections were used. Data are represented as mean + SD. The significances
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with respect to the corresponding NL animals were cal-
culated (Fig. 1c, d). This revealed that, although the
levels of Ibal in GFAP-IL6Tg animals were higher than
in WT, the upregulation of Ibal with respect to its basal
levels was less pronounced in the transgenic animals
than in WT, at specific time-points along the progres-
sion of the PPT lesion. Thus, while WT animals showed
around a 3-fold increase of Ibal at 7dpl in comparison
with their basal levels (Fig. 1c), in GFAP-IL6Tg mice,
this increase remained less than 2-fold at any time-point
analyzed (Fig. 1d). Finally, no differences in the area oc-
cupied by Ibal were observed in the IML of both WT
and GFAP-IL6Tg animals after PPT (Fig. 1le).

In addition to changes in Ibal levels, after PPT, both
WT and GFAP-IL6Tg mice showed alterations in micro-
glial cell morphology with some differences noted. At

early time-points (3 and 7dpl), microglial cells in both
genotypes showed the typical “bushy” shapes character-
ized by short and stubby ramifications (Suppl Fig. 3). At
later time-points (14 and 21 dpl), microglial cells in both
WT and GFAP-IL6Tg animals returned to ramified
morphologies, although comparatively, microglia in the
transgenic animals displayed a greater number and
thickness of ramifications than WT at these time-points
(Fig. 1f).

Analysis of microglia/macrophage cell density
To evaluate possible changes in the number of micro-
glia/macrophages IHC for the transcription factor Pu.l,
a specific myeloid marker [40], was used.

In parallel to changes in microglia/macrophage distri-
bution and morphology, our observations revealed
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around a 2-fold increase in the number of Pu.1" cells in
the ML of the DG in NL GFAP-IL6Tg animals in com-
parison with NL WT (Suppl. Fig. 4 and Suppl. Fig. 11B).

After PPT, the number of Pu.l” cells in WT animals
increased progressively from 2 to 3 dpl, whereas in
GFAP-IL6Tg animals, this increase was observed only at
3 dpl (Suppl. Fig. 4A). At later time points, in WT ani-
mals, Pu.1" cells exhibited a marked decrease at 14 dpl,
whereas in GFAP-IL6Tg mice remained stable until 21
dpl (Suppl. Fig. 4A). Consequently, in transgenic ani-
mals, the number of Pu.l® cells at 14 dpl was signifi-
cantly higher than WT (759 + 292.8 vs. 1384 + 305.2
number of cells, WT/14dpl vs. Tg/14dpl, p = 0.010)
(Suppl. Fig. 4B). Notably, when dynamics of Pu.l upreg-
ulation were compared with the corresponding NL, it
was found again that WT animals had a nearly 5-fold in-
crease in the number of Pu.1" cells in the ML of the DG
(Suppl. Fig. 4C), whereas GFAP-IL6Tg animals showed
only a 2-fold increase in Pu.l* cells compared with NL
GFAP-IL6Tg animals (Suppl. Fig. 4D).

Astrocyte-targeted IL-6 production increases microglial
cell proliferation after PPT but has no effects on cell
death
In order to study whether changes observed in micro-
glial cell numbers in GFAP-IL6Tg animals were related
to changes in either proliferation and/or microglial cell
death, pH3 and BrdU detection was used for the analysis
of proliferation (Fig. 2) and activated caspase-3 and
TUNEL for apoptosis evaluation.

In both NL WT and NL GFAP-IL6Tg animals, few
pH3" cells were observed in the ML of the DG, with no
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differences between genotypes. After PPT, although the
peak of proliferation was at 2 dpl in both genotypes, in
WT animals the number of pH3"decreased at 3 dpl,
whereas in GFAP-IL6Tg animals the number of pH3"
cells decreased later on, at 7 dpl (Fig. 2a, c). Further-
more, to explore whether, additionally to the dynamics
of proliferation, IL-6 overproduction produced modifica-
tions in the total amount of proliferating cells, a daily in-
jection of BrdU was performed during 7 days. This study
demonstrated that the total number of accumulated
BrdU"/Ibal” cells until 7dpl was significantly higher in
GFAP-IL6Tg animals than in WT (23.06 + 7.39 vs. 36.19
+ 6.16 number of cells, WT/7dpl vs. Tg/7dpl, p = 0.049)
(Fig. 2b). Using double stain immunohistochemistry, it
was determined that parenchymal BrdU" cells in both
WT and GFAP-IL6Tg animals corresponded mainly to
Ibal® microglia/macrophages, although some scattered
proliferating astrocytes (BrdU*/GFAP™) were also found
(Fig. 2d, e).

Regarding microglial cell death, no staining for either
active caspase-3 or TUNEL was detected in the denner-
vated ML of the DG in either WT or GFAP-IL6Tg ani-
mals from 2 to 21 dpl (data not shown).

Astrocyte-targeted IL-6 production increases the number
of monocytes/macrophages

Flow cytometry was used to assess the number of micro-
glia/macrophage populations induced by the transgenic
production of IL-6 (Suppl. Fig. 5). The microglia/macro-
phage population was identified based on the positive
CD11b expression in combination with differential ex-
pression levels of CD45 (Suppl. Fig. 5A). This helped in
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differentiating homeostatic from activated microglia as
well as macrophages. Thus, ramified or homeostatic
microglia were identified as CD11b*/CD45"" and acti-
vated microglia as CD11b*/CD45™, In this study, the
term CD11b*/CD45""/ ™ has been used to refer to the
population of homeostatic and activated microglia jointly.
Moreover, the CD11b*/CD45"8" population was identi-
fied, which may include highly activated microglia, mono-
cytes, macrophages, and dendritic cells. The percentage of
CD11b*/CD45™¢" population, in the GFAP-IL6Tg, was
higher than in WT at all time points analyzed (Suppl. Fig.
7).

Taking in account the total number of cells, in NL ani-
mals, our results showed a significant increase of both
CD11b*/CD45"°™""™ (3183 + 124.7 vs. 524.3 + 1545
number of cells, WT/NL vs. Tg/NL, p = 0.08) and
CD11b*/CD45"¢" populations (7.50 + 3.06 vs. 45.57 +
14.06 number of cells, WT/NL vs. Tg/NL, p = 0.001) in
GFAP-IL6Tg animals (Suppl. Fig. 11C and D).

After PPT, GFAP-IL6Tg animals exhibited an increase
in the number of both CD11b*CD45'*"/™ and CD11b"/
CD45"€" cell population at 7dpl when compared to their
own NL, while in WT animals no changes were ob-
served. Interestingly, the levels of CD45 (mean fluores-
cence intensity) were always higher in the CD11b"/
CD45"*"* cell population of GFAP-IL6Tg animals than
in WT (Suppl. Fig. 5B). However, in CD11b*/CD45""
cell population, no differences between genotypes were
observed (Suppl. Fig. 5B).

Using CD45 immunohistochemistry, it was confirmed
that GFAP-IL6Tg animals showed a higher activated
microglial phenotype (Suppl. Fig. 5C). Also, after PPT,
scattered CD45" cells with round morphology were ob-
served through the ML of the FD in both experimental
groups that could correspond to T cells and/or infil-
trated monocytes (Suppl. Fig. 5C black arrows).

Taking into account that the population of CD11b*/
CD45M8" cells includes monocytes, macrophages, den-
dritic cells, and highly activated microglia, we next ad-
dressed whether the changes observed in the number of
microglia/macrophages were due specifically to varia-
tions in the number of monocytes or rather to the pres-
ence of highly activated microglia. For this purpose, the
expression of the macrophage marker F4/80 and the
monocytic marker Ly6C were evaluated in the CD11b"/
CD45"" ™ and CD11b*/CD45"M" cell populations
(Suppl. Fig. 6).

In NL animals, the CD11b*/CD45"*"™™* cell population
in GFAP-IL6Tg animals had a higher number of F4/80"
cells, but not Ly6C" cells compared to WT (Suppl. Fig.
11E). On the other hand, the CD11b*/CD45"e" cell
population showed an increased number of cells ex-
pressing F4/80 (2.69 + 2.36 vs. 56.44 + 32.48 number of
cells, WT/NL vs. Tg/NL, p = 0.046) and Ly6C (1.54 +
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0.69 vs. 5.07 + 2.30 number of cells, WT/NL vs. Tg/NL,
p = 0.026) in transgenic animals than WT (Suppl. Fig.
11F and G).

After PPT, in WT animals, no statistically significant
differences in the number of F4/80" and Ly6C" cells
were found after PPT in comparison with the corre-
sponding NL controls. However, in GFAP-IL6Tg ani-
mals, the number of Ly6C" cells increased a 3 dpl within
the CD11b*/CD45™&" cell population (Suppl. Fig. 6C).
Comparisons between genotypes revealed no significant
variations in the number of either F4/80" or Ly6C" cells
within the CD11b*/CD45""/ ™ cell population (Suppl.
Fig. 6A and C). However, a greater number of F4/80"
cells in the CD11b*/CD45™€" cell population was found
at 3 and 7dpl in GFAP-IL6Tg animals (Suppl. Fig. 6A).

Furthermore, analysis of the levels of F4/80, calculated
using the mean fluorescence intensity, demonstrated a
higher F4/80 in the CD11b*/CD45"&" cell population of
GFAP-IL6Tg animals in both NL and at 7 dpl (Suppl.
Fig. 6B). However, in the CD11b*/CD45"€" cell popula-
tion, the levels of Ly6C in NL transgenic animals were
less than WT (4273 + 148.1 vs. 2144 + 5239 mean
fluorescence, WT/NL vs. Tg/NL, p = 0.0001) (Suppl. Fig.
6D).

Astrocyte-targeted IL-6 production modifies the
phenotype of CD11b*/CD45"9" cell population

In order to investigate the putative changes that trans-
genic IL-6 production may exert on the phenotype of
the microglia and macrophage cell populations, the ex-
pression of different cell activation markers mostly re-
lated to antigen presentation, including MHCII, CD80,
CD86, ICOSL, and CDl1c, in both CD11b*/CD45'"/™*
and CD11b*/CD45"€" populations was studied by flow
cytometry (Fig. 3 and Suppl. Figs. 9 and 12).

In NL animals, in both WT and GFAP-IL6Tg animals,
a small population of CDI11b*/CD45""™ cells
expressed MHCII (WT: 1.2 + 0.6%; Tg: 3.3 £ 0.7%) and
ICOSL (WT: 0.22 + 0.1%; Tg: 0.1 + 0.08%) (Fig. 3a and
Suppl. Fig. 9A), whereas the number increased in the
CD11b*/CD45™&" population (WT: 535 + 9.4%; Tg:
53.23 + 6%) (WT: 34.8 + 54%; Tg: 22.4 + 0.7%) (Fig. 3a
and Suppl. Fig. 9B).

The number of cells expressing MHCII" in both popu-
lations was always significantly higher in NL GFAP-
IL6Tg animals than in NL WT (Fig. 3a and Suppl. Fig.
11H-I). In the case of the ICOSL population, NL. GFAP-
IL6Tg animals only showed a significant increase in the

CD11b*/CD45™¢"  population compared with WT
(Suppl. Fig. 11J).
After PPT, an increase in the number of both

CD11b*/CD45"™/MHCII* and CD11b*/CD45""/
MHCII" population was only observed in GFAP-IL6Tg
animals (Fig. 3a). Moreover, in GFAP-IL6Tg animals,
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the number of ICOSL" cells increased at 7 dpl within
the CD11b*/CD45"°*/ ™ and CD11b*/CD45"&" popula-
tion, whereas in WT no changes were observed (Suppl.
Fig. 9A-B).

Using MHCII immunostaining, MHCII" cells in the ML
of the DG were morphologically identified as perivascular
cells in both WT and transgenic animals in NL and after

PPT (Fig. 3b). These cells had an elongated morphology
and stained with CD206 a marker commonly used to
identify perivascular macrophages (Suppl. Fig. 8A). Fur-
thermore, using double immunofluorescence with lam-
inin, the location of these MHCII" cells in the perivascular
space was established (Suppl. Fig. 8B). Noticeably, at 7 dpl,
we observed a subpopulation of MHCII*/Tmem119~
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ramified microglia in the parenchyma of WT animals but
not in GFAP-IL6Tg mice (Fig. 3¢).

Taking into account that the major differences ob-
served in terms of MHCII was in the CD11b/CD45""
population, we focused on the study of the co-
expression of CD80, CD86, and CD11c with MHCII only
in this population (Fig. 3d). In NL conditions, in contrast
to WT animals in which these populations were not de-
tected, a small population of CD80" cells (3 + 1.1%) and
a higher number of CD86" cells (16.3 + 4.8%) was ob-
served within the CD11b*/CD45"&"/MHCII* population
in GFAP-IL6Tg animals. In addition, a population of
CD11b*/CD45"¢"/MHCII /CD86" was found in NL
transgenic animals (Fig. 3d).

In GFAP-IL6Tg animals, it was observed an increase
of cells expressing CD80 or CD86 (Fig. 3d), either with
or without MHCII. However, the number of cells co-
expressing CD80 and CD86 only increased within the
CD11b*/CD45"e"/MHCII* population. Furthermore,
populations of MHCII*/CD11c* and MHCII/CD11c*
cells, with or without CD86, were observed at 7 dpl in
WT (Fig. 3d). Moreover, the number of CD11¢*/CD86"
cells either with or without MHCII was always higher in
GFAP-IL6Tg mice than in WT (Fig. 3d).

As mentioned above, no CD80", CD86", and cells co-
expressing both markers were observed in the CD11b"/
CD45"*™/MHCII* population at any time-point ana-
lyzed in any genotype (data not shown).

Astrocyte-targeted IL-6 production promotes T cell
infiltration after PPT

Another aspect was whether transgenic production of
IL-6 was able to modify the infiltration and/or differenti-
ation of T-cells after PPT.

In order to study the dynamics of the lymphocyte pop-
ulations, the number of CD4" and CD8" cells within the
gated CD3" T cell population was analyzed in the entire
ipsilateral hippocampus by flow cytometry, in NL and in
PPT-lesioned WT and GFAP-IL6Tg mice at 7dpl (Fig.
4a and b).

In comparison with NL WT, NL GFAP-IL6Tg animals
showed a higher number of CD4" T cells (20.44 + 6.25
vs. 92.27 + 43.29 number of cells, WT/NL vs. Tg/NL, p
= 0.046), CD8" T cells (29.62 + 1.63 vs. 294.9 + 139.9
number of cells, WT/NL vs. Tg/NL, p = 0.031), and
CD3"/CD47/CDS8™ cells (8.73 + 1.59 vs. 15.34 + 4.27
number of cells, WT/NL vs. Tg/NL, p = 0.07) but simi-
lar numbers of CD3"/CD4"/CD8" cells (Fig. 4b and
Suppl. Fig. 11K and L).

After PPT, at 7 dpl, both experimental groups showed
an increase in CD3"/CD4 /CD8™ T cells, whereas in the
CD3%/CD4*/CD8" population, only GFAP-IL6Tg ani-
mals showed an increase, and in the CD3*/CD4" popu-
lation was only observed in WT animals (Fig. 4b). No
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significant difference was found in any T cell population
between WT and GFAP-IL6Tg mice (Fig. 4b).

Finally, the different subtypes of CD4" T-helper lym-
phocytes were also determined by flow cytometry using
antibodies against lineage-specific transcription factors
(Fig. 4d). After gating in the CD3"CD4" T-helper cell
population, the number of Tbet" (for Thl), Gata 3" (for
Th2), RORy" (for Th17) and Foxp3" (for T-regulatory)
cells was analyzed (Fig. 4c). In both NL conditions and
after PPT, no significant differences in the number of
Th-cell infiltration between the two genotypes were
found (Fig. 4d).

The possible changes in the distribution and the pat-
tern of recruitment of T cell population, in the ML of
the DG, were analyzed using sections immunostained
for CD3 (a pan T cell marker) of NL and in PPT-
lesioned WT and GFAP-IL6Tg animals (Fig. 4f). In NL
conditions, a higher number of CD3" cells was detected
in GFAP-IL6Tg animals (Suppl. Fig. 11M). After PPT,
WT animals showed two waves of T cell infiltration, the
first at 2 dpl and the second at 7 dpl. In GFAP-IL6Tg
mice, we only detected an increase in lymphocytes at 7
dpl. Moreover, in both genotypes, the CD3" cells were
observed randomly distributed through the ML of the
DG and the hilus (Fig. 4f). From 7 to 14dpl, the numbers
of these cells did not change in either WT or GFAP-
IL6Tg mice (Fig. 4e).

Absence of T cell co-stimulatory molecules after PPT

In order to investigate the putative changes that trans-
genic IL-6 production may exert on the communication
between T cells and microglia/macrophages, we analyzed
CTLA-4 and CD28, two identified ligands for CD80 and
CD86, in PPT-lesioned WT and transgenic mice at 7dpl.
Our results showed no detectable CTLA-4 and CD28 in
either WT or GFAP-IL6Tg mice at any time-point stud-
ied (data not shown).

Astrocyte-targeted IL-6 production induces alterations in
the cytokine/chemokine microenvironment after PPT

We also addressed whether the changes observed in
transgenic animals correlated with variations in various
cytokines involved in microglial cell activation and T cell
differentiation, including pro-inflammatory cytokines
such as IL-2, IL-6, IFN-y, IL-1p, IL-12p70, and IL-17;
anti-inflammatory cytokines such as IL-10, IL-13, IL-9,
IL-5, and IL-4; and chemokines, related with leukocyte
recruitment, like CXCL10 and CCL2 (Suppl. Fig. 10).

In NL conditions, when only animals of the two geno-
types are compared, significant differences were ob-
served in the presence of the pro-inflammatory
cytokines IL-6 and IL-17 and the anti-inflammatory cy-
tokines IL-10 and IL-13 in the nervous parenchyma
(Suppl. Fig. 11N-Q). In contrast, no modifications of IL-
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CD3" cell population used in this study. Representative dot plot of CD3/CD4/CD8 cells obtained from the spleen, positive control (top), and hippocampus
(bottom) of lesioned WT. b Graphs showing the number of CD4*, CD3*/CD4"/CD8" cells, CD8" and CD3*/CD47/CD8™ in NL and at 7dpl. ¢ Representative
histogram-plot showing the expression of Tbet, Gata3, RORgt, and Foxp3 in the population of CD3*Th-cells in comparison to the corresponding isotype
control, in which the positive staining was defined. d Graphs showing the number of the different subtypes of CD4* T-helper lymphocytes: Toet", Gata 37,
RORg*, and Foxp3* in NL and at 7dpl. e Graph showing the quantification of CD3* immunostaining cells in non-lesioned (NL) and PPT-lesioned hippocampus
from 2 to 14 dpl, in WT and GFAP-IL6Tg mice. f Representative images showing CD3 immunostaining in WT and GFAP-IL6Tg mice at 7 dpl. Scale bar = 20 um.
A minimum of four WT and four GFAP-IL6Tg animals per group were used for this study. Data are represented as mean + SD. The significances are represented
as #p < 005 vs. NL of respective group; $p < 0.1 vs. NL of respective group and %p < 005 vs. 3dpl of respective group. Significant differences between
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6 levels in the serum were found in transgenic animals
(Suppl. Fig. 10N).

After PPT, WT animals only showed induction of the
CXCL10 and CCL2 chemokines, while no induction was
detected in any of the cytokines studied at the different
time-points analyzed (Suppl. Fig. 10L and M).

PPT-lesioned GFAP-IL6Tg animals showed, in relation
to the WT, differences in the levels of pro-inflammatory
and anti-inflammatory cytokines as well as in chemo-
kines. In concordance with the transgene expression, the
cytokine with the greatest difference was IL-6, which
was at significantly higher levels at 3 and 7 dpl. In the
case of pro-inflammatory cytokines, transgenic animals
had significantly higher IL-1p at 3dpl (Suppl. Fig. 10D),
but lower IFN-y and IL-12p70 at 14dpl (Suppl. Fig. 10C
and E). In the case of anti-inflammatory cytokines,
GFAP-IL6Tg animals showed higher levels of IL-10 than
WT at 7 dpl but had a significant decrease at 14dpl
(Suppl. Fig. 10G). Finally, the GFAP-IL6Tg mice had a
significant increase in the chemokines CXCL10 and
CCL2 at 3dpl that decreased significantly at 7 and 14dpl.
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Levels of these chemokines were higher in transgenic
animals than WT at 3dpl (Suppl. Fig. 10L and M).

Astrocyte-targeted IL-6 production reduces collateral
sprouting after PPT

Finally, it was explored whether the modifications de-
tected in the population of microglia/macrophages, as
well as in the infiltration of immune cells in GFAP-
IL6Tg animals, affects the collateral sprouting after per-
forant path sectioning. Sprouting evaluation was done at
later time points (14 and 21dpl) using the selenium-
silver staining technique, which reveals glutamatergic
zinc-rich buttons as in the hippocampal mossy fibers
(Fig. 5) and other telencephalic pathways.

In NL animals, WT and GFAP-IL6Tg, large labeled but-
tons were densely packed in the hilus of the dentate gyrus
and only few crossed the granular layer and reached the
inner third of the molecular layer. After PPT, at 21 dpl,
WT animals showed an increase in the area occupied by
large, labeled buttons in the ML, indicative of sprouting,
whereas in GFAP-IL6Tg animals, the increase was detected

|
3 Owr

l M GFAP-IL6Tq

GFAP-IL6Tg

21dpl

Fig. 5 Collateral sprouting. a Graph showing the time course of the selenium-silver staining for zinc (arrows) expressed as proportion of occupied
area. Note that GFAP-IL6Tg animals showed a reduction of Zinc* staining at 21dpl. b Representative images from WT and GFAP-IL6Tg mice, at 21
dpl, showing staining in the ML of the DG (GL indicates granular layer). Scale bar = 20 um. At least three WT and five GFAP-IL6Tg animals (NL
animals and at 14 and 21dpl) were analyzed. A total of 24 photographs from 8 different hippocampal sections per animal were quantified. Data
are represented as mean + SD. The significances are represented as: #p < 0.05 vs. NL of respective group and $p < 0.01 vs. NL of respective
group. Significant differences between genotypes are represented as: *p < 0.05
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Fig. 6 Summary figure. Schematic representation of the main changes observed in the non-lesioned (NL) (green) and PPT-lesioned hippocampus

at 14 dpl (Fig. 5a). Consequently, at 21 dpl, transgenic ani-
mals showed significantly less labeled buttons in the ML
compared with WT animals (2.32 + 041 vs. 1.29 + 0.36%
area, WT/21dpl vs. Tg/21dpl, p = 0.049) (Fig. 5b and c).

Discussion

The present study demonstrates that astrocyte-targeted
IL-6 production causes significant alterations in the
phenotype and density of the microglia/macrophage pop-
ulations in the hippocampus of NL and PPT-lesioned ani-
mals. Moreover, an increase in the infiltration of CD11b"/

CD45"&"/F4/80" and CD11b*/CD45"¢"/Ly6C* monocytes
and T lymphocytes were found in GFAP-IL6Tg mice. All
these changes are linked to significant modifications in
the cytokine/chemokine microenvironment and had a
deleterious effect on axonal sprouting.

Astrocyte-targeted production of IL-6 induces alterations
in the microglia/macrophage, lymphocyte, and cytokine/
chemokine microenvironment

The first interesting result of this study is that the chronic
production of IL-6 increased the number of microglia/
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macrophages and modified their phenotype in homeosta-
sis. Thus, 25 times more CDI11b*/CD45"°*/™ and
CD11b*/CD45™€" cells were found. Although this in-
creased number might reflect a higher infiltration of
monocytes, the number of CD11b*/CD45"¢"/F4/80" and
CD11b*/CD45™€"/Ly6C* monocytes detected was not
enough to explain the increase of microglia/macrophages
in transgenic animals. In this regard, unpublished observa-
tions from our laboratory, demonstrated a higher number
of microglia/macrophages during brain development in
GFAP-IL6Tg mice, raising the possibility that the differ-
ences found in the number of cells in the adult would be
linked to modifications from the post-natal period.

Regarding the phenotype of the microglia/macrophages,
our study revealed that IL-6 promotes the activation of the
microglial/macrophage cell population towards a more react-
ive macrophage-like cell, with higher expression of CD45
and F4/80 and a lower Ly6C. This low level of Ly6C could
be interpreted as a stabilization of the entrance of these
monocytes, whose levels decreased once in the parenchyma
[38]. In concordance, IL-6 has been described as a potent ac-
tivator of microglia/macrophage cells both in vitro and
in vivo [15, 17, 21, 57, 91]. Also, astrocyte-targeted produc-
tion of IL-6 induces an increase in the number of CD11b"/
CD45"8"/MHCII* cells and in cells expressing co-
stimulatory molecules, including ICOSL, CD80 and CD86,
suggesting a putative transformation into competent antigen
presenting cells. Importantly, MHCII" cells corresponded ex-
clusively to perivascular macrophages and not parenchymal
microglia, highlighting a necessity to study in more detail the
role of these macrophages under homeostatic situations.

In agreement with previous studies describing increased
basal lymphocyte infiltration in specific areas of the CNS of
GFAP-IL6Tg mice [17, 18], we observed an increase in the
number of T cells infiltrating the molecular layer of the DG
in transgenic animals. The increase was due to the presence
of CD4" T-helper, CD8" T-cytotoxic, and CD3"CD4 CD8"
y8 T cells. Studies in vitro have demonstrated the ability of
IL-6 to induce a unique non-classical effector CD8"T cell
subpopulation, called Tc17, characterized by a high produc-
tion of IL-17 [69], and whose primary function is to
contribute to inflammation and the recruitment of lympho-
cytes and myeloid cells [39]. In concordance, we found ele-
vated IL-17 in NL GFAP-IL6Tg animals.

IL-6-induced modifications in the microglia/macro-
phage population and T cell infiltration were linked to a
specific cytokine/chemokine profile, characterized by
higher IL-6, IL-17, IL-13, and IL-10 production. As ex-
pected, major differences between WT and GFAP-IL6Tg
animals were found for IL-6, which showed around a 5-
fold increase in the GFAP-IL6Tg animals. As already
commented, the upregulation of the pro-inflammatory
cytokine IL-17 could be related with a higher number of
CD8" T cells and y8 T cells, one of the two cell-types
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that could produce this cytokine in the CNS [69, 93] and
could be linked to alterations in the blood-brain barrier
(BBB) [50], a well-described feature of these transgenic
mice [14, 19] and the higher activation phenotype of
microglia observed in basal conditions. Moreover, an ef-
fect of IL-17 on the upregulation of microglial activation
has been reported, especially in demyelinating and auto-
immune diseases [53, 96] coinciding with the higher ac-
tivation profile observed in our transgenic animals in
basal conditions. On the other hand, the higher levels of
the classical anti-inflammatory cytokines IL-10 and IL-
13 may be related to the increased number of perivascu-
lar macrophages and/or CD8" T cells, two cell-type with
the capacity to produce IL-10 [60, 63].

Increased microglia/macrophage in GFAP-IL6Tg mice after
PPT might be due to both proliferation and recruitment
of bone-marrow derived monocytes

In agreement with previous studies in mice [29, 31, 43,
58, 66, 94], we found a progressive increase in the num-
ber of microglia/macrophages as well as an increase in
Ibal expression along with the progression of PPT in
the molecular layer of the DG in both genotypes. How-
ever, in our study, the density of microglia/macrophages
was higher in transgenic animals than in WT. This dif-
ference could be related to three changes after PPT:
microglial proliferation; infiltration of blood-derived
monocytes [5, 7, 59, 95], which transformed into micro-
glial/macrophage cells [52]; and of microglial cells from
adjacent non-deafferented areas, such as the CAl, the
IML, and the hilus [29, 52, 59, 95].

Our results clearly showed an increase in the number
of proliferating pH3™" cells, as well as in the total number
of mitotic microglial cells (BrdU"), in GFAP-IL6Tg ani-
mals. This result was associated with an increase of IL-6,
a potent inducer of microglial proliferation [56, 62, 80,
87]. Beyond proliferation, the recruitment of blood-
derived monocytes paralleled this increase of microglia/
macrophages in the transgenic mice. Thus, a higher
number of CD11b*/CD45™€" cells containing a high
number of F4/80" cells and Ly6C" cells, widely used
markers for monocyte/macrophages [49], was observed.
As we will comment later, this greater presence of
monocytes/macrophages correlated with the increased
CCL2 production observed in GFAP-IL6Tg mice, a key
chemokine involved in the leukocyte migration in the
PPT-model [5], suggesting that not only proliferation
but also infiltration is involved in the microglia/macro-
phages increase.

Another question is why the increased number of
microglia/macrophages in PPT-lesioned transgenic ani-
mals remained at later time-points. One possibility is
that the effects of chronic IL-6 production were related
to the prevention of microglial/macrophage cell number
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restoration, by affecting either microglial cell death or
monocyte exit from the CNS or even both. However, in
concordance with previous studies [8, 78], we could not
find any conclusive evidence of increased microglia/
macrophage death, as we were not able to detect any
evidence of apoptosis, monitored by active caspase-3
and TUNEL, at any time-point analyzed in any

genotype.

After PPT, astrocyte-targeted production of IL-6

promoted a shift in the phenotype of CD11b*/CD45"9"
cells and avoided the transformation of any parenchymal
microglia into putative MHCII* antigen presenting cells
Phenotypically, we demonstrated that, after PPT, part
of the activated microglia/macrophage population in
WT animals, expressed CD1lc, MHCII, CD86, and
ICOSL, molecules commonly associated with an
antigen-presenting cell phenotype. These results are
in agreement with already published papers reporting
the expression of MHCII and CD86, but a lack of
CD80 in microglia/macrophages after PPT [9]. The
phenotype observed in lesioned GFAP-IL6Tg animals
was similar to the reported in lesioned WT animals,
and only a slight increase in the number of MHCII*/
CD80" and MHCII*/CD86" cells at 7dpl and in the
number of and MHCII"/CD86" cells at 3 dpl were
found in the CD11b*/CD45"€" cell population of
transgenic mice. Nevertheless, when we investigated
the cells responsible for the expression of these mole-
cules using immunohistochemistry, in the molecular
layer of the DG, we found major differences between
WT and GFAP-IL6Tg mice. In WT animals, in
addition to perivascular macrophages, activated rami-
fied microglia in the parenchyma expressed MHCII
and CDllc and thus were equipped to engage an
adaptive immune response. However, in GFAP-IL6Tg
animals, microglia did not express MHCII or CD11c;
this property is restricted to perivascular macro-
phages, suggesting that IL6-induced microglia are in-
adequate to act as antigen presenting cells and thus
to drive an adaptive immune response, despite the
higher presence of MHCII* and CD11c" cells. This
reduction of MHCII observed in microglia might be
explained by the higher expression of IL-10 observed
at this same time-point in GFAP-IL6Tg mice and the
ability of this cytokine to reduce MHCII on macro-
phages [68, 78].

In the present study, in both genotypes, all MHCII"
cells were TMEM1197, described as a specific marker
of microglia that discriminates from blood-derived
macrophages in the human brain [81]. However, sev-
eral studies revealed that in homeostatic conditions,
microglia express high levels of TMEMI119, while in
neurodegeneration disorders microglial cells show a
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great reduction [82]. In contrast, myeloid cells re-
cruited into the lesions in the course of brain inflam-
mation in rodents and humans do not express
TMEM119. However, a recent study has been de-
scribed that the regulation of microglial TMEM119 in
MS is dependent on their inflammatory environment
[92]. In this regard, the lack of expression of
TMEM119 in MHCII" cells does not provide evidence
if these cells were resident microglia or infiltrated
macrophages. Similarly, expression of P2YI12R, an-
other marker commonly used to discriminate between
macrophages and microglia, by its stable expression
in microglia, was downregulated in our PPT-model
[65] making not possible to use it for this purpose.

Another interesting result was the observation of a
population of cells within the CD11b*/CD45™&" popula-
tion expressing CD86 and CD80 without MHCII in both
WT and GFAP-IL6Tg mice. Noticeably, these popula-
tions were observed in transgenic animals already in
homeostatic situations. This cellular phenotype has been
associated with peripheral innate immune responses
[74], and makes us hypothesize that transgenic animals
presented a “primed microglia” with a desensitized pro-
file in NL conditions, as suggested by other authors [72],
and retained microglial activation in an innate immune
phenotype after lesion.

Astrocyte-targeted production of IL-6 increased
lymphocyte recruitment after PPT without modifying
their differentiation
Two different waves of T cell infiltration have been de-
scribed in the PPT paradigm, the first wave at early
time-points (2—-3 dpl) and the second, later on, at 7 dpl
[5, 6]. Our results showed that, in contrast to WT,
GFAP-IL6Tg mice presented an increase in T cell infil-
tration in the molecular layer only at 7dpl, coinciding
with the role attributed to IL-6 as a T cell recruitment
molecule in peritoneal inflammation and in CNS-lesion
models [3, 67] and a massive decrease in the recruitment
of T cells after facial nerve injury in IL-6-deficient mice
[36]. In most of these studies, the effects of IL-6 on
lymphocyte recruitment have been related to alterations
in the production of adhesion molecules and/or chemo-
kines, including CXCL10 and CCL4, among others [67].
In the present study, we observed that after PPT GFAP-
IL6Tg animals had elevated levels of CXCL10 and
CCL2, two crucial chemoattractant proteins for both
lymphocytes and monocytes in this paradigm [5], indi-
cating that IL-6 may be promoting the infiltration of T
cells by modifying the chemokine microenvironment.
Taking into consideration the role of IL-6 to drive
lymphocyte differentiation, we analyzed the phenotype
of infiltrated T cells in the PPT-lesioned hippocampus
in more detail, quantifying the number of both CD8" T-
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cytotoxic and CD4" T-helper lymphocytes, as well as the
different subtypes of T-helper cells. Until now, the spe-
cific subtypes of T lymphocytes infiltrating the paren-
chyma of the deafferented hippocampus in the PPT-
paradigm were not characterized and to our knowledge,
our study is the first to demonstrate the presence of a
small population of the four subtypes of T-helper lym-
phocytes, Thl (Tbet"), Th2 (GATA3"), Th17 (RORg"),
and Treg (Foxp3™), in the PPT-lesioned hippocampus.
No differences between WT and GFAP-IL6Tg animals
were found in any T-helper populations analyzed or
its expression of co-stimulatory molecules, suggesting
that the increased number of lymphocytes found in
GFAP-IL6Tg animals might be caused by the in-
creased expression of CXCL10 and CCL2 rather than
by specific action of IL-6 on T cell differentiation in
this paradigm.

Astrocyte-targeted production of IL-6 promoted
alterations in the cytokine/chemokine profile associated
with PPT

Astrocyte-targeted production of IL-6 markedly altered
the cytokine/chemokine profile not only in the unle-
sioned state, as already discussed (see the first section of
this discussion) but also after PPT-lesion. As expected,
major differences between WT and GFAP-IL6Tg ani-
mals were found for IL-6, which showed around a 5-fold
increase in the GFAP-IL6Tg animals in both unlesioned
hippocampus and at early time-points after PPT. In
addition to modifications in chemokines involved in the
recruitment of macrophages and T cells, such as
CXCL10 and CCL2, transgenic mice showed distur-
bances in the cytokine profile that may drive the type of
the immune response. In this sense, astrocyte-targeted
IL-6 production resulted in increased levels at early
time-points (3 dpl) of IL-1p, cytokine more related with
innate immune responses [28, 47, 63, 70, 88, 93]. Re-
markably, cytokines like IL-17 and IL-13, whose levels
we would expect to see increased given their upregula-
tion in basal conditions, remained unaltered in lesioned
animals. This fact suggests they are not crucial to the
evolution of the PPT lesion and could explain the lack
of differences in the shift of T lymphocyte subtypes ob-
served between WT and GFAP-IL6Tg mice.

Astrocyte-targeted production of IL-6 reduced axonal
sprouting

Finally, we analyzed whether the modification of the im-
mune response observed in GFAP-IL6Tg mice had any
effect on the axonal sprouting of the remaining unle-
sioned axons of mossy cells, which typically occurs in
the deafferented areas after PPT and is used as a marker
of lesion outcome at later time-points [4, 25, 27, 33].
Our results indicated that GFAP-IL6Tg animals had
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lower axonal sprouting at 21 dpl than WT. Although
in vitro IL-6 has a beneficial effect on axonal sprouting
[44], in vivo our results showed a deleterious effect.

One putative explanation for the decreased axonal
sprouting observed in transgenic mice may lie in the
distinct cytokine/chemokine microenvironment ob-
served. As we already commented, the molecules ob-
served in WT animals are more related to the
acquired immune response [9], whereas in GFAP-
IL6Tg, the environment generated was more associ-
ated with a pro-inflammatory profile characteristic of
the innate immune response.

Also, it is possible that some of the altered cyto-
kines, and especially IL-6, act on the cells directly re-
sponsible for this axonal sprouting phenomenon.
Astrocytes are the brain cells linked to axonal sprout-
ing, as they secrete proteoglycans, such as neurocan,
tenascin-C, brevican, widely demonstrated with an in-
hibitory role of axonal sprouting after PPT [26, 42,
85, 90]. Moreover, pro-inflammatory environments es-
pecially containing cytokines like TNF-a and IL-1p
have been linked to the upregulation of these inhibi-
tory proteoglycans, and thus with the inhibition of
axonal outgrowth [41, 85]. More studies analyzing the
composition of the extracellular matrix associated
with PPT in GFAP-IL6Tg animals are needed to con-
firm this hypothesis.

Taking into consideration all the results observed in
NL GFAP-IL6Tg mice, together with the fact that the
net change in microglial/macrophage cell activation
after PPT was less pronounced in transgenic animals
than in WT mice, lead as to speculate that IL-6 in-
duced a “primed” microglia/macrophage phenotype.
Accordingly, some of the features observed in the
population of microglia/macrophages of transgenic
mice are commonly linked to a primed state includ-
ing higher expression of pro-inflammatory mediators
as well as MHCII expression [75]. The first descrip-
tions of primed microglia were done in the context of
LPS-administration and after IL-1B treatment and
identified primed microglia as an altered state that,
among other features, presented an exaggerated re-
sponse to inflammation. However, nowadays, this
primed stated has been also described in physiological
aging conditions and stress [37, 73] in relation to the
development of chronic neurodegenerative diseases
[76]. In fact, the concept of primed microglia has
been revised and regarded as having an ongoing state
of activation that may respond differently to a sec-
ondary stimulation [72]. Furthermore, the concept of
microglial “innate immune memory” has been recently
demonstrated, with an enhancement or suppression of
a secondary insult, depending on the type, duration
and intensity of the initial stimulus [72].
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Conclusions

Altogether, we propose that chronic exposure to IL6 in-
duced an environment characteristic of an innate immune
response, with the presence of “primed” microglia/macro-
phages with a desensitized profile, infiltrating monocytes
and T cells as well as increased in IL-6, IL-17, IL10, and
IL-13. After PPT, in WT animals, the immune response is
characterized by parenchymal microglia showing MHCII
and co-stimulatory molecule phenotype. In contrast, the
desensitized microglia in transgenic animals is not able to
express molecules linked to antigenic presentation follow-
ing the PPT. This generates a differential microglial
phenotype with increased IL-1p that has a negative effect
on the pro-regenerative environment and, maybe through
action on astrocytes, reduce the axonal sprouting associ-
ated with PPT (see Fig. 6).
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Additional file 1: Supplementary Fig. 1. Area selected for
densitometry study. Representative image from WT mice showing Iba1*
staining after perforant pathway transection. The selected area (black
squares) represented the area analyzed for densitometry. Scale bar =
50pm.

Additional file 2: Supplementary Fig. 2. Toluidine blue staining.
Representative images, from WT and GFAP-IL6Tg mice, showing toluidine
blue staining in the ML of the DG in NL conditions and from 3 to 21 dpl
after PPT. Scale bar = 20 um.

Additional file 3: Supplementary Fig. 3. Morphological
characterization of microglia. (A-D) Graphs showing the quantification of
the area occupied by Ibal™ labeled cells (A), (B) the elongation values
(value equal to 1 indicates round morphology and high values increased
elongation), (C) the sphericity values (value equal to 1 indicates index of
sphericity) and (D) the shape factor (high values indicate round shape
and low values ramified morphology), calculated for individual cells. The
significances are represented as #p<0.001 vs NL of respective group and
&p<0.05 vs 3dpl of respective group. Significant differences between
genotypes are represented as *p<0.05 and **p<0.01.

Additional file 4: Supplementary Fig. 4. Microglial cell density. (A)
Graph showing the quantification of Pu.1* cells in non-lesioned (NL) and
lesioned animals from 2 to 21dpl after PPT, in WT and GFAP-IL6Tg ani-
mals. (B) Representative images from WT and GFAP-IL6Tg mice showing
Pu.1” staining in the ML of the DG at 14 dpl. Note that transgenic mice
showed an increased number of Pu.1* cells in NL and at 14 dpl. Scale bar
= 20um. (C and D) Graphs showing the fold changes increase of Pu.1*
cells in WT (C) and GFAP-IL6Tg (D) in comparison to their corresponding
NL animals. A minimum of three NL and three lesioned WT and GFAP-
IL6Tg at 2, 3, 7, 14 and 21 dpl were analyzed. A total of 6 photographs
from 3 different hippocampal sections per animal were used. Data are
represented as mean + SD. The significances are represented as
#p<0.0Tvs NL of respective group; &»<0.05 and %p<0.01 vs 2dpl of re-
spective group and $p<0.001 vs 7dpl of respective group. Significant dif-
ferences between genotypes are represented as *p<0.05.

Additional file 5: Supplementary Fig. 5. Microglia/macrophages
populations. (A) Representative dot plot of CD11b/CD45 expression of
cells obtained from the hippocampus of non-lesioned (NL) WT animals.
The square delimits the CD11b*/CD45" population of cells used in this
study. Representative histogram where the populations of CD11b"/
CD45°"" (microglia) and CD11b"/CD45"M" (macrophages) were de-
fined. (B) Graphs showing the number of cells and the mean fluorescence
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NL and PPT-lesioned animals. Graphs showing the mean fluorescence in-
tensity of CD45 levels in the CD11b*/CD45°"/™ and CD11b*/CD45""
populations in NL and PPT-lesioned animals. (C) Representative images
from WT and GFAP-IL6Tg mice showing CD45 staining in the GL and ML
of the DG in NL and PPT-lesioned hippocampus at 3 and 7 dpl. Note that
both CD45" ramified (arrowheads) and CD45" round cells (arrows) were
observed in both genotypes. Scale bar = 20pum. A minimum of five WT
and five GFAP-IL6Tg animals per group were used for this study. Scale
bar = 50um. Data are represented as mean + SD. The significances are
represented as &<0.01vs NL of respective group; #p<0.05 vs NL of re-
spective group and $p<0.001vs NL of respective group. Significant differ-
ences between genotypes are represented as *p<0.05 and **p<0.01.

Additional file 6: Supplementary Fig. 6. Monocyte infiltration. (A-B)
Graphs showing the number of cells expressing the F4/80 and the mean
fluorescence. (C-D) Graphs showing the number of cells expressing the
monocyte-related marker Ly6C and the mean fluorescence. A minimum
of five WT and five GFAP-IL6Tg animals per group were used for this
study. Data are represented as mean + SD. The significances are repre-
sented as #p<0.05 vs NL of respective group. Significant differences be-
tween genotypes are represented as *p<0.05, **p<0.01 and ****p<0.0001.

Additional file 7: Supplementary Fig. 7. Percentages of microglia/
macrophage population in NL and after PPT. Representative graph
showing the percentage of CD11b"/CD45°"™ (dark grey) and CD11b"/
CD45"9" (light grey) population in both WT and GFAP-IL6Tg animals in
NL conditions and after PPT.

Additional file 8: Supplementary Fig. 8. CD206 and Laminin
expression after PPT. (A) Representative images from WT and GFAP-IL6Tg
mice showing CD206 staining in the ML of the DG at 7 dpl. Black arrows
indicate CD206" cells. Scale bar = 20um. (B) Representative images, from
WT and GFAP-IL6Tg mice, of double IHC combining MHCII (red) and Lam-
inin (green) at 7 dpl. White arrows indicate MHCII™ cells in the perivascu-
lar space. Scale bar = 10um

Additional file 9: Supplementary Fig. 9. ICOSL expression. (A) Graph
showing the number of ICOSL" cells in non-lesioned (NL) and PPT-
lesioned hippocampus, from 3 to 7 dpl, within the CD11b*/CD45°°/nt
and CD11b*/CD45"9" cell populations. A minimum of five WT and five
GFAP-IL6Tg animals per group were used for this study. Data are repre-
sented as mean + SD. The significances are represented as #p<0.05 vs NL
of respective group.

Additional file 10: Supplementary Fig. 10. Cytokines and
chemokines expression. Graphs showing the time course of expression of
IL-2, IL-6, IFNy, IL1@3, IL12p70, IL-17, IL-10, IL-13, IL-9, IL-5, IL.-4, CXCL10 and
CCL2 in non-lesioned (NL) and PPT-lesioned animals from 3 to 14dpl, in
both WT and GFAP-IL6Tg animals. (N) Graph showing the IL-6 levels in
serum in both NL WT and NL GFAP-IL6Tg animals. At least four WT and
five GFAP-IL6Tg animals for each time point were used. Data are repre-
sented as mean + SD. The significances are represented as #p<0.05,
9%p<0.01 and &p=<0.001 vs NL of respective group; Ap<0.1, $p<0.05,
p<0.01 and ep<0.001 vs 3dpl of respective group and ap<0.05 vs 7dpl
of respective group. Significant differences between genotypes are repre-
sented as ***p<0.001, **p=<0.01, *p<0.05.

Additional file 11: Supplementary Fig. 11. Non-lesioned study in WT
and GFAP-IL6Tg animals. Representative graphs showing the differences
between WT and GFAP-IL6Tg animals in NL conditions. A minimum of
three WT and three GFAP-IL6Tg animals per group were used. Data are
represented as mean =+ SD. The significances are represented
#xp<0,0001, **p<001, *p<0.05.

Additional file 12: Supplementary Fig. 12. Gating strategy for flow
cytometry. (A — F) Representative dot plot and histogram plot from
individual hippocampus from WT and GFAP-IL6Tg animals in NL and after
PPT. First, population/live cells were gated based on SSC-A and FSC-A,
and then microglia/macrophage cells were gated based on CD45 and
CD11b expression. CD11b"/CD45'°/ ™ and CD11b*/CD45"" population
were discriminated according to the levels of CD45. Microglia/macro-
phages phenotype were studied by MHCII, CD80, CD86, Ly6C and F4/80
expression and gated based on CD11b*/CD45%/Igs isotype control
antibodies.

intensity in the CD11b"/CD45'°/ ™ and CD11b*/CD45"" populations in
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