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Effects of Astrocyte-Targeted Production
of Interleukin-6 in the Mouse on the Host

Response to Nerve Injury

Beatriz Almolda,1 N�adia Villacampa,1 Peter Manders,2 Juan Hidalgo,1 Iain L. Campbell,2

Berta Gonz�alez,1 and Bernardo Castellano1

Interleukin-6 (IL-6) is a pleiotropic cytokine with a key role in the control of inflammatory/immune responses. In the central
nervous system (CNS), an increase in IL-6 occurs in a wide range of pathological conditions such as excitotoxicity and trau-
matic brain injury. We evaluated the effects of astrocyte-targeted production of IL-6 in the CNS in the sterile-nerve injury
model of facial nerve axotomy. To accomplish this, facial nerve transection was performed in transgenic mice (glial fibrillary
acidic protein [GFAP]-IL6Tg) with IL-6 production under the GFAP promoter. Neuronal death, glial activation, lymphocyte
recruitment, and integrin expression were evaluated by immunohistochemistry and flow cytometry from 3 to 28 days postin-
jury. Our findings revealed an increase in motor neuron cell death in GFAP-IL6Tg mice correlating with changes in the micro-
glial activation pattern, characterized principally by less attachment to neurons and reduced expression of both CD11b and
CD18. We also found a higher CD41 T-lymphocyte recruitment in GFAP-IL6Tg mice. In addition, changes in the expression
pattern of different integrins and their receptors were observed in transgenic animals. Specifically, alterations in osteopontin
expression in motor neurons and its receptors CD44 and CD49e in lymphocytes and microglia, respectively, which may
account for the variations related to glial reactivity and lymphocyte infiltration. In conclusion, our results indicated that forced
local production of IL-6 has a direct impact on the outcome of nerve injury in the CNS inducing an increase in neurodegenera-
tion, changes in glial response, and lymphocyte recruitment as well as in the expression of different integrins and their
receptors.
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Introduction

Interleukin-6 (IL-6) is a pleiotropic and multifunctional

cytokine involved in the regulation of inflammatory and

immunological responses in the periphery (Kishimoto et al.,

1995; Taga and Kishimoto, 1997; Kishimoto, 2006). In the

central nervous system (CNS), IL-6 is low in normal condi-

tions but increased significantly in neurons, astrocytes, and

microglial cells, under acute and chronic injury and in certain

diseases including excitotoxicity, traumatic brain injury, ische-

mia, multiple sclerosis, and neurodegenerative diseases like

Alzheimer and Parkinson (Benveniste, 1998; Erta et al., 2012;

Gadient and Otten, 1997; Gruol and Nelson, 1997;

Nakamura et al., 2005; Spooren et al., 2011; Suzuki et al.,

2009; Van Wagoner and Benveniste, 1999). However, the

exact role played by this cytokine in these harmful circum-

stances is not yet well established, and both detrimental as

well as beneficial functions have been proposed in different

clinical as well as experimental neuropathologies.

The detrimental role attributed to IL-6 production is

based on evidence that, together with TNF-a and IL-1b, this
IL can be considered as a major modulator of the inflamma-

tory response in the CNS (Benveniste, 1998; Erta et al.,

2012; Gadient and Otten 1997). Although whether neuroin-

flammation is protective or detrimental remains the subject of
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intense discussion, classically it has been associated with glial

activation and the consequent production of deleterious reac-

tive oxygen species and inflammatory mediators, such as cyto-

kines, chemokines, and prostaglandins, which may, among

others, induce blood brain barrier disruption, lymphocyte

recruitment, and promote neurodegeneration. Studies in vitro
support the view that IL-6 is able to induce glial activation

(Krady et al., 2008) and neuronal death (Conroy et al.,

2004). Moreover, in agreement with work in vivo showing

glial activation after IL-6 administration (Tilgner et al.,

2001), chronic production of IL-6 achieved in transgenic ani-

mals has been linked to neurodegeneration (Campbell et al.,

1993), increased astrocyte and microglial activation (Brunello

et al., 2000; Campbell et al., 1993; Chiang et al., 1994) and

impaired higher order brain function (Heyser et al., 1997).

Other studies showed a decrease in axonal regrowth in hyper-

IL-6-administered rats after spinal cord injury (Lacroix et al.,

2002). Furthermore, an improvement of neuronal survival

has been reported in IL-6 deficient mice after optic nerve

crush (Fisher et al., 2001) and blocking of IL-6 signaling by

anti-IL-6 receptor treatment induced a significant increase in

functional recovery together with decreased gliosis in spinal

cord-injured mice (Mukaino et al., 2010; Okada et al.,

2004).

In contrast, anti-inflammatory and neuroprotective func-

tions have been attributed to IL-6 due to the capacity of this

cytokine to increase axonal regeneration in spinal cord-injured

rats when administered intrathecally (Cao et al., 2006), the

decrease in lesion volume reported in ischemic rats after intra-

cerebroventricular IL-6 treatment (Loddick et al., 1998) and

the reduction of motor neuronal loss described after sciatic

nerve transection in intraperitoneally IL-6-treated rats (Ikeda

et al., 1996). Furthermore, some studies conducted in IL-6

deficient mice support a role for IL-6 in neuroprotection, as

these animals showed an increase in neuronal loss after both

cryolesion (Swartz et al., 2001) and sciatic nerve axotomy

(Murphy et al., 1999) and a reduction in functional recovery

in axotomized animals (Zhong et al., 1999).

Altogether, these studies clearly indicate that the effects

derived from IL-6 production are complex and may depend

on several factors including the time-point and the specific

microenvironment where this cytokine is produced or admin-

istered in the CNS. In this context, and in an attempt to bet-

ter understand the function of IL-6 in CNS pathologies, this

study focused on the analysis of the effects that local IL-6

production in the brain may exert following nerve injury in

the facial nerve axotomy paradigm. For this purpose, we used

the glial fibrillary acidic protein (GFAP)-IL6 transgenic (Tg)

mouse model in which production of this cytokine was selec-

tively targeted to astrocytes within the CNS of mice (Camp-

bell, 1998; Campbell et al., 1993).

Materials and Methods

Animals and Facial Nerve Axotomy
A total of 47 transgenic animals with astrocyte-targeted production

of IL-6 (GFAP-IL6Tg) and their corresponding wild-type (WT) lit-

termates (n 5 36) were used in this study. Characterization of the

GFAP-IL6Tg mice was described previously (Campbell et al., 1993).

In these animals, astrocyte-targeted production of IL-6 has been

demonstrated under basal conditions in several CNS areas including

the brainstem (Giralt et al., 2013). Animals were maintained with

food and water ad libitum in a 12 h light/dark cycle during all the

experiment.

After being anaesthetized by an intraperitoneal injection of

ketamine 80 mg/kg and xylazine 20 mg/kg at dose of 0.01 mL/g,

the right facial nerve was resected at the level of the stylomastoid

foramen in both WT and GFAP-IL6Tg animals.

All experimental animal work was conducted according to

Spanish regulations (Ley 32/2007, Real Decreto 1201/2005, Ley 9/

2003, y Real Decreto 178/2004) in agreement with European Union

directives (86/609/CEE, 91/628/CEE i 92/65/CEE) and was

approved by the Ethical Committees of the Autonomous University

of Barcelona and the University of Sydney.

Experimental Groups
Axotomized animals were distributed in different groups and eutha-

nized at different days, ranging from 1 to 28 days postinjury (dpi),

and tissue samples appropriately processed for flow cytometry, histo-

chemistry, and immunohistochemistry (for details see later). A total

of 10 WT and 8 GFAP-IL6Tg animals were used for flow cytometry

studies; 23 WT and 36 GFAP-IL6Tg were processed for histochem-

istry and immunohistochemistry and 3 WT and 3 GFAP-IL6Tg ani-

mals were used for neuronal quantification.

Flow Cytometry Analysis
The percentage of infiltrated CD31CD41 cells was analyzed by

flow cytometry at two specific time-points: 14 and 21 dpi following

the protocol previously described (Almolda et al., 2009, 2011). For

details of specific protocol, see Supporting Information 1.

Tissue Processing for Histochemistry and
Immunohistochemistry Analysis
Under deep anaesthesia (0.015 mL/g) of ketamine (80 mg/kg)/xyla-

zine (20 mg/kg) animals were perfused intracardially for 10 min with

either 4% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) 1

5% sucrose for vibratome sectioning or 4% paraformaldehyde in

0.1M PBS (pH 7.4) for cryostat sections. Brainstems containing the

facial nucleus (FN) were immediately dissected out, postfixed for 4 h

at 4�C in the same fixative, and then a series of parallel sections were

obtained using a VT 1000S Leica vibratome (40-lm thick) or a CM

3050s Leica cryostat (30-lm thick). Vibratome and cryostat series

were stored at 220�C in Olmos antifreeze solution and used for

immunohistochemistry, with the exception of one of the vibratome

series that was processed for the histoenzymatic demonstration of

nucleoside diphosphatase (NDPase) as described later.

A set of axotomized WT (n 5 3) and GFAP-IL6Tg (n 5 3)

animals were perfused at 21 dpi as described earlier and coronal
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sections (16 lm) of the entire brainstem were obtained using a CM

3050s Leica cryostat. The sections were mounted on gelatin-coated

slides and used for toluidine blue staining.

Toluidine Blue Staining and Neuronal Survival
Quantification
Toluidine blue staining was performed with a solution containing

0.1% toluidine blue diluted in Wallpole buffer (0.05 M, pH 4.5).

After staining, sections were dehydrated in graded alcohols, N-butyl

alcohol and after xylene treatment, coverslipped in DPX.

The nonlesioned (contralateral) and lesioned (ipsilateral) sides

of every section through the FN were examined, photographed using

a DXM1200F Nikon digital camera mounted on a Nikon Eclipse

80i brightfield microscope and photographs were analyzed using ana-

lySISVR software. In addition to the total number of neurons in each

side, maximum and minimum diameters of cell profiles were

recorded to calculate the mean diameter for each profile. To com-

pensate for double counting of neurons in adjacent sections, the

Abercrombie correction factor (Abercrombie et al., 1946) was

applied: N 5 n 3 T/T 1 D where N corresponds to the actual

number of neurons, n the total number of counted profiles, T the

sections thickness, and D the mean diameter of each profile.

Histoenzymatic Demonstration of NDPase
Detection of NDPase, a microglial marker (Murabe and Sano,

1981), was performed by collecting one of the vibratome series in

0.1 M cacodylate buffer (pH 7.4) (C0250; Sigma, St Louis) with

5% sucrose as described earlier (Almolda et al., 2013; Castellano

et al., 1991). See Supporting Information 1 for details of specific

protocol.

Single Stain Immunohistochemistry
Parallel free-floating cryostat sections were processed for the visual-

ization of Iba1, CD11b (aM integrin), CD18 (b2 integrin), GFAP,

CD3, osteopontin (OPN) and its receptors CD44 and CD49e (a5
integrin) following the protocol previously described (Almolda et al.,

2010, 2011). For detail see Supporting Information 1.

Double and Triple Stain Immunohistochemistry
As previously described parallel-free floating series were processed for

double and triple immunostaining, following the protocol previously

described (Almolda et al., 2010, 2011; Villacampa et al., 2013). For

detail see Supporting Information 1.

Densitometric Analysis
Densitometric analysis was performed on sections immunolabeled

with Iba1, CD11b, CD18, GFAP, OPN, CD44 and CD49e. For

each target protein, both the ipsilateral and the contralateral side of

at least three WT and three GFAP-IL6Tg animals per survival time

were analyzed. A minimum of three different sections from the

brainstem containing the central part of the FN were captured at

103 magnification with a DXM 1200F Nikon digital camera

mounted on a Nikon Eclipse 80i brightfield microscope using the

software ACT-1 2.20 (Nikon corporation). By means of NIH Image

JV
R

software (Wayne Rasband, National Institutes of Health), both

the percentage of area occupied by the immunolabeling as well as

the intensity of the immunoreaction (mean gray value) were

recorded for each photograph.

For each animal, the gray grade quotient (GGQ) was obtained

by dividing the mean gray value on the ipsilateral side by the mean

gray value on the contralateral side. The intensity grade (IG) was

calculated by multiplying the percentage of the immunolabeled area

by the GGQ. In the case of GFAP, CD44 and CD49e, in which

expression of these molecules was absent or very low in the contra-

lateral FN, the AI index (% area immunolabeled multiplied by the

mean gray value) was used.

Quantification of microglial clusters was performed, at 14 and

21 dpi, on sections stained for Iba1. At least three WT and three

GFAP-IL6Tg animals per survival time were analyzed. A minimum

of three different sections from the brainstem containing the central

part of the FN of each animal were captured at 103 magnification

with a DXM 1200F Nikon digital camera mounted on a Nikon

Eclipse 80i brightfield microscope using the software ACT-1 2.20

(Nikon corporation). The number of microglial clusters per section

was obtained using “cell counter” plug-in from NIH Image JV
R

soft-

ware (Wayne Rasband, National Institutes of Health).

Quantification of microglial cell density was performed, at 3

and 7 dpi, on sections stained with Iba1 and counterstained with

toluidine blue. At least, five WT and five GFAP-IL6Tg animals per

survival time were analyzed. A minimum of three different sections

from the brainstem containing the central part of the FN of each

animal were photographed at 403 magnification with a DXM

1200F Nikon digital camera mounted on a Nikon Eclipse 80i

brightfield microscope using the software ACT-1 2.20 (Nikon corpo-

ration). All the nucleated Iba11 cells were counted in each photo-

graph (0.0037 mm2 frame), averaged and converted to cells/mm2.

Statistical Analysis
All results were expressed as mean 6 standard error. Statistics were

performed using the Graph Pad PrismVR software. Either standard

two-tailed or unpaired Student’s T-test were used to determine statis-

tically significant differences between WT and GFAP-IL6Tg animals,

and one-way ANOVA with Bonferroni’s analysis as a post hoc test to

determine differences among time-points postinjury.

Results

Neuronal Survival
After facial nerve axotomy, there is a proportion of FN motor

neurons that degenerate (Dauer et al., 2011; Ha et al., 2008).

To determine if IL-6 alters the ratio of neuronal death, we

quantified the surviving neurons at 3 weeks postaxotomy.

Our analysis revealed that the total number of motor neurons

in the contralateral side of the FN of both WT (Fig. 1A) and

GFAP-IL6Tg (Fig. 1C) animals was similar being around

2,000 neurons. Facial nerve axotomy resulted in a loss of

30.51% of motor neurons in the ipsilateral FN of WT ani-

mals (1,291 6 10.54) while in the GFAP-IL6Tg animals, a

greater loss of motor neurons was observed (37.3%, 1,138 6
16.34; Fig. 1D,E).
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Glial Reactivity
Facial nerve axotomy provokes strong microglial activation in

the FN that was characterized by the microglial attachment

to motor neurons in the so-called mechanism of synaptic

stripping (Blinzinger and Kreutzberg, 1968; Kreutzberg,

1996). To characterize the effects that IL-6 induces in the

activation pattern of this glial population, microglial cells

were visualized using the histochemical demonstration of

NDPase, a purine-related enzyme located in the microglial

plasma membrane, commonly used for the study of “resting”

and reactive microglial cells (Castellano et al., 1991; Murabe

and Sano, 1981). This enzyme is also located in the blood

vessels, allowing the study of the relationship between micro-

glial cells and the vasculature. We also evaluated the expres-

sion of Iba1 and the CD11b and CD18 proteins, two

subunits of the heterodimeric integrin Mac-1, constitutively

expressed by microglial cells and whose upregulation has been

commonly associated with the activation of these cells. In

FIGURE 1: Neuronal death. Toluidine blue staining in the nonlesioned (contralateral) and lesioned (ipsilateral) FN of both WT (A and B)
and GFAP-IL6Tg animals (C and D) at 21 dpi. La indicates the lateral area, whereas Me indicates the medial area of the brainstem. Note
the decrease in the number of motor neurons in the ipsilateral side of both groups of animals in comparison to their corresponding con-
tralateral side. Scale bar 5 50 lm. (E) The histogram shows the quantification of the total number of motor neurons in the contralateral
(black columns) and ipsilateral sides (white columns) of both experimental groups of animals (#P £ 0.05 with respect to the correspond-
ing contralateral side; **P £ 0.0015). Note that motor neuron survival in GFAP-IL6Tg animals was reduced by a further 20% when com-
pared with WT mice. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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addition to the qualitative evaluation, a quantitative analysis

of Iba1, CD11b and CD18 staining was done by determining

the IG of each immunolabeling. As specified below, notable

differences in the microglial response were found in this study

with the use of different microglial markers.

Analysis of NDPase histochemistry (Fig. 2) and Iba1

immunohistochemistry (Fig. 3) revealed that in the nonlesioned

FN of WT and GFAP-IL6Tg animals, microglial cells exhibited

a characteristic ramified morphology and were homogenously

distributed throughout the FN without any overlap between

them and without showing any specific relationship with the

neuronal cell bodies or blood vessels (Figs. 2A,B,O,P and

3A,B,P,Q). No significant differences in microglial NDPase,

Iba1, CD11b, and CD18 immunostaining were found in the

nonlesioned FN for GFAP-IL6Tg when compared with WT

animals (Figs. 2A,B, 3A,B, 4A,B and 5A,B). Nevertheless, a stat-

istically significant increase in the density of Iba11 cells was

observed in the nonlesioned FN of GFAP-IL6Tg animals (Fig.

3O). Throughout the course of the study, at the different sur-

vival times analyzed, no changes in either microglial cell mor-

phology or the spatial distribution or NDPase, Iba1, CD11b,

and CD18 expression were detected in the nonlesioned FN side

of neither WT nor GFAP-IL6Tg animals (not shown).

In the ipsilateral FN of both groups of animals, progres-

sive changes in microglial cell number and morphology, their

pattern of NDPase, Iba1, CD11b, and CD18 labeling and

their relationship with neuronal cell bodies were observed at

the different time-points studied. Marked differences between

WT and GFAP-IL6Tg mice were found. The first signs of

microglial reactivity were evident in both WT and GFAP-

IL6Tg animals at 1 dpi (Fig. 2C,D), when microglial cells

showed an enlargement of the cell body and a thickening of

the main branches, and began to migrate close to neuronal

cells bodies (Fig. 2Q,R).

At 3 dpi, in WT animals, reactive microglial cells dis-

played branched morphology but with coarser processes and

high levels of NDPase (Fig. 2E,S), Iba1 (Fig. 3C,R), CD11b

(Fig. 4C,P), and CD18 (Fig. 5C,P) staining and were wrapping

most neuronal cell bodies along the ipsilateral FN. Also the

density of Iba11 cells increased at this time-point in compari-

son with the nonlesioned FN (Fig. 3O). Although in GFAP-

IL6Tg animals, similar changes in microglial morphology and

both NDPase (Fig. 2F,T) and Iba1 (Fig. 3D,S) expression was

observed, the Iba11 cell density was higher (Fig. 3O) and the

motor neuron perikaryon surface wrapped by microglial cell

processes was lower than those observed in WT mice. Higher

CD11b (Fig. 4D,M,Q) and CD18 (Fig. 5D,M,Q) IG were

detected at this time-point in microglial cells of transgenic ani-

mals when compared with their WT littermates.

At 7 dpi, a marked increase in both the amount of

Iba11 cells and motor neuron perikaryon surface covered by

microglial cell projections was observed in both WT and

GFAP-IL6Tg mice (Figs. 2U,V and 3O). In both groups,

reactive microglia with high NDPase (Fig. 2G,H,U,V) and

high Iba1 IG (Fig. 3E,F,M) showed numerous projections dis-

playing, as well, high levels of both CD11b and CD18 (Figs.

4M and 5M, respectively) that, in addition to wrapping the

major part of neuronal cell bodies, were widely distributed

along the FN neuropil. No differences in the density of

Iba11 cells were detected at this time-point when WT and

GFAP-IL6Tg animals were compared (Fig. 3O).

Microglial reactivity remained high at 14 dpi in both

groups of animals and, in addition to elevated microglial

wrapping of neurons, characteristic clusters of highly

NDPase1 (Fig. 2W,X) and Iba11 (Fig. 3T,U) microglial cells

were also observed scattered along the ipsilateral FN.

Although, no significant differences in NDPase staining and

Iba1 (Fig. 3M) or CD18 (Fig. 5M) IG were detected between

WT and GFAP-IL6Tg animals, the neuronal wrapping was

more frequent in the ipsilateral FN of WT than in GFAP-

IL6Tg mice (Figs. 2W,X, 3T,U and 5R,S). In addition, the

number of microglial clusters found in the FN of GFAP-

IL6Tg mice was significantly lower than in WT animals (Fig.

3N). Noticeably at this time-point, significant changes in

CD11b were detected between WT and GFAP-IL6Tg ani-

mals: whereas in WT animals, the IG for CD11b showed the

highest level, in GFAP-IL6Tg animals, labeling of this integ-

rin abruptly decreased at this time-point dropping lower than

those observed at 3 dpi (Fig. 4R,S,M).

At 21 dpi, a reduction in the microglial expression of

NDPase (Fig. 2K), Iba1 (Fig. 3I), CD11b (Fig. 4I), and

CD18 (Fig. 5I) was observed in the ipsilateral FN of WT

mice, although microglial cells still exhibited high reactive

morphologies in specific FN subnucleus, such as the lateral

and the ventral intermediate subnucleus. Moreover, both the

number of neuronal cell bodies wrapped by microglial cells

and the clusters of microglia began to decrease at this time-

point in these animals. In contrast, NDPase (Fig. 2L) and

Iba1 (Fig. 3J,M) staining remained significantly elevated and

widely distributed along all the subnucleus of the ipsilateral

FN in GFAP-IL6Tg mice, and the amount of FN motor neu-

rons wrapped by microglial processes was comparatively

higher than in WT. Also the number of microglial clusters

found in the axotomized FN of transgenic animals was lower

than in WT mice at this time-point (Fig. 3N). Similar to 14

dpi, the IG of both CD11b (Fig. 4J,M), and CD18 (Fig.

5J,M) in activated microglia was significantly lower in GFAP-

IL6Tg animals than in their WT littermates.

At 28 dpi, there was a slight decrease in both NDPase

(Fig. 2M,N) and Iba1 (Fig. 3K,L,M) staining in the FN of both

WT and GFAP-IL6Tg animals although some areas of the FN

neuropil still remained totally covered by highly reactive

1146 Volume 62, No. 7



FIGURE 2: NDPase histochemistry. Representative images of the NDPase histochemistry in the nonlesioned FN (A and B) and in the ipsi-
lateral side of both WT (C, E, G, I, K and M) and GFAP-IL6Tg animals (D, F, H, J, L and N) at the different survival times after facial nerve
axotomy. Magnifications on the right hand (O to AB) show the progressive changes in the morphology of microglial cells and their associ-
ation with neuronal cell bodies along the lesion progression. Arrows in O to AB point to individual microglial cells and arrowheads in W
to Z to the so-called “microglial clusters.” In A, La indicates the lateral area, whereas Me indicates the medial area of the brainstem. Scale
bar (A–N) 5 50 lm; (O–AB) 5 10 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3: Iba1 expression. Representative images of Iba1 immunohistochemistry in the nonlesioned FN (A and B) and in the ipsilateral
side of both WT (C, E, G, I and K) and GFAP-IL6Tg animals (D, F, H, J and L) at the different survival times after axotomy. In A, La indi-
cates the lateral area, whereas Me indicates the medial area of the brainstem. (M) Histogram showing the quantification of the IG of
Iba1 staining in WT and GFAP-IL6Tg animals along the evolution of facial nerve axotomy. Note that at 21 and 28 dpi the IG is signifi-
cantly higher in GFAP-IL6Tg animals (*P £ 0.05; #P £ 0.06). (N) Histogram showing the quantification of Iba11 microglial clusters in
both WT and GFAP-IL6Tg mice at 14 and 21 dpi. Note that at the two times analyzed the number of clusters is significantly lower in
GFAP-IL6Tg animals (***P £ 0.0001; **P £ 0.008). (O) Histogram showing the quantification of the Iba11 cell density (cells/mm2) in
both WT and GFAP-IL6Tg mice in the nonlesioned (NL) FN and at 3 and 7 dpi. Note that in the nonlesioned FN and at 3 dpi the density
of Iba11 cells is significantly higher in GFAP-IL6Tg animals (***P £ 0.0001; **P £ 0.005). Magnifications on P to W show the progressive
changes in microglial morphology and their association with neuronal cell bodies (*) along the lesion progression. Arrows in P to W point
to individual microglial cells and arrowhead in T to microglial clusters. Scale bar (A–L) 5 50 lm; (N–U) 5 10 lm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4: CD11b expression. Representative images showing the expression of CD11b in the nonlesioned FN (A and B) and in the ipsi-
lateral side of both WT (C, E, G, I and K) and GFAP-IL6Tg animals (D, F, H, J and L) at the different survival times analyzed. In A, La indi-
cates the lateral area, whereas Me indicates the medial area of the brainstem. (M) Histogram showing the IG quantification of CD11b
staining in WT and GFAP-IL6Tg animals along the evolution of facial nerve axotomy. Note that at 3 dpi the IG is higher in GFAP-IL6Tg
animals, whereas at later time-points (from 14 to 28 dpi) expression of CD11b is significantly lower in these transgenic mice (*P £ 0.05;
**P £ 0.005; ***P £ 0.001). High magnification images in nonlesioned (N and O) and the ipsilateral side of axotomized animals (P–U)
showing the morphology and spatial location of CD11b1 cells: ramified microglial-like cells in the nonlesioned FN (arrows in N and O)
and activated cells surrounding motor neuron cell bodies (*) at 3 dpi (arrows in P and Q), 14 dpi (arrows in R and S) and 21 dpi (arrows
in T and U). Arrowhead in T point to the characteristic CD11b1 microglial clusters observed in WT animals at 21 dpi. Scale bar (A–L) 5
50 lm; (O–V) 5 10 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5: CD18 expression. Representative images showing the expression of CD18 in nonlesioned FN (A and B) and in the ipsilateral
side of both WT (C, E, G, I and K) and GFAP-IL6Tg animals (D, F, H, J and L) at the different survival time-points after facial nerve axot-
omy. In A, La indicates the lateral area, whereas Me indicates the medial area of the brainstem. (M) Histogram showing the IG quantifi-
cation of CD18 staining in WT and GFAP-IL6Tg animals along the evolution of facial nerve axotomy. Note that at 3 dpi the IG is slightly
higher in GFAP-IL6Tg animals, whereas at 21 dpi the IG is significantly lower in transgenic mice (#P £ 0.1; **P £ 0.005). High magnifica-
tion images in nonlesioned FN (N and O) and the ipsilateral side of axotomized FN (P–U) showing the morphology and distribution of
CD181 cells: arrows point to ramified microglial-like cells in nonlesioned FN (N and O) and activated cells (P–U). Note the microglial
wrapping of facial motor neuron cell bodies (*) at 14 dpi (R and S) and 21 dpi (T and U). Arrowheads in R and T point to characteristics
CD181 microglial clusters. Scale bar (A–L) 5 50 lm; (N–U) 5 10 lm. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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NDPase1 or Iba11 microglial cells. In comparison with 21 dpi,

a reduction in both the number of motor neurons wrapped by

microglial processes and the number of microglial clusters was

found at this time-point in WT animals (Figs. 2AA and 3V),

whereas, noticeably, in GFAP-IL6Tg mice, the number of neu-

rons remaining covered by microglial processes (Figs. 2AB and

3W) was similar to that observed at 21 dpi. The IG of both

CD11b (Fig. 4M) and CD18 (Fig. 5M) decreased at 28 dpi in

WT and GFAP-IL6Tg animals. Remarkably, in the case of

CD11b this downregulation was significantly more pronounced

in GFAP-IL6Tg mice that in WT (Fig. 4M).

In addition to microglial reactivity, astrogliosis, charac-

terized by a progressive increase in GFAP expression, was also

observed from 3 to 28 dpi in the ipsilateral FN of both WT

and GFAP-IL6Tg animals (Supp. Info. Fig. 1A–D). Although

from 3 to 14 dpi, the increase in GFAP expression was simi-

lar in both WT and GFAP-IL6Tg mice, at 21 and 28 dpi,

the astrogliosis was less intense in GFAP-IL6Tg mice than in

WT (Supp. Info. Fig. 1E).

Overall, these findings showed that there were changes in

the microglial response in GFAP-IL6Tg animals compared with

WT, characterized principally by less attachment to motor neu-

rons at the early time-points following nerve injury. Notably, at

later time-points, 21 and 28 dpi, microglial cells in transgenic

animals had higher neuronal attachment and lower CD11b and

CD18 integrin staining, whereas astrogliosis monitored by

GFAP immunostaining was less pronounced than in WT.

Lymphocyte Infiltration
In addition to microglial cell activation, facial nerve axotomy

induces the infiltration of lymphocytes (Raivich et al., 1998)

that has been commonly associated with a protective effect

(Jones et al., 2005). To determine if the lymphocyte infiltra-

tion was altered in GFAP-IL6Tg animals, both immunohisto-

chemistry and flow cytometry analysis was performed. As

determined by immunohistochemical detection for CD3, the

infiltration of T-lymphocytes was more pronounced in

GFAP-IL6Tg animals when compared with their WT litter-

mates (Fig. 6A,B). The quantification of T-cell infiltration in

the FN at the different time-points after facial nerve axotomy

was assessed by determining the proportion of CD31/CD41

cells by flow cytometry. As shown in Fig. 6C, a significant

increase in the proportion of CD31/CD41 cells was detected

in the ipsilateral FN of both WT and GFAP-IL6Tg animals.

Although, in both groups of animals the temporal pattern of

T-cell infiltration was similar, with the proportion of cells

peaking at 14 dpi and decreasing thereafter at 21 dpi, the

amount of CD31/CD41 cells detected in GFAP-IL6Tg ani-

mals was always significantly higher than observed in WT

animals (Fig. 6C). Notably, a small and unchanging propor-

tion of these CD31/CD41 cells was also found on the con-

tralateral side of both WT and GFAP-IL6Tg animals at the

two time-points studied, although this proportion was slightly

higher in GFAP-IL6Tg than in WTmice.

In summary, IL-6 production in the CNS alters the

amount of infiltrating T-cells in the FN parenchyma after axot-

omy inducing an increase in CD31 T-cells at 14 and 21 dpi.

OPN Expression
OPN is upregulated in numerous pathological situations and

in response to injury (Carecchio and Comi, 2011). OPN pro-

motes cell adhesion to facilitate cell migration or survival via

interaction with integrins and CD44 (Kazanecki et al., 2007).

The changes we observed in the pattern of microglial attach-

ment to motor neurons in GFAP-IL6Tg animals suggested a

possible alteration in the OPN expression and its receptors.

The study of sections immunolabeled for OPN revealed that

this protein was constitutively expressed in the neuronal cell

bodies of motor neurons of the nonlesioned FN in both WT

and GFAP-IL6Tg animals (Fig. 7A,B,N,O). No change in

OPN staining was observed in the nonlesioned side of the

FN at the different time-points studied (not shown).

FIGURE 6: T-cell infiltration. Representative images showing the
CD31 cells (arrows in inserts) found in the ipsilateral FN of both
WT (A) and GFAP-IL6Tg animals (B) at 14 dpi. Scale bar 5 50
lm. (C) Histogram showing the relative percentage of CD31/
CD41 cells detected in WT and GFAP-IL6Tg animals at 14 and
21 dpi. Note that the percentage of this population of lympho-
cytes is always higher in the ipsilateral side (ipsi) of GFAP-IL6Tg
than in WT animals (#P £ 0.2; *P £ 0.05; **P £ 0.01). [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 7: OPN expression. Representative microphotographs showing the expression of OPN in nonlesioned FN (A and B) and in the
ipsilateral side of both WT (C, E, G, I and K) and GFAP-IL6Tg animals (D, F, H, J and L) at the different survival times after facial nerve
axotomy. In A, La indicates the lateral area, whereas Me indicates the medial area of the brainstem. (M) Histogram showing the quantifi-
cation of the IG of OPN staining in WT and GFAP-IL6Tg animals along the different time-points after facial nerve axotomy. Note that
whereas at 14 dpi the IG is significantly higher in GFAP-IL6Tg animals, at 21 dpi the IG for OPN is significantly higher in WT mice (#P £
0.06; ***P £ 0.0005; ****P £ 0.0001). High magnification images show the morphology and distribution of OPN1 cells in the nonle-
sioned FN (N and O) and in the ipsilateral side of axotomized animals at 14 dpi (P and Q) and 21 dpi (R and S). Note that, in nonle-
sioned animals, OPN is found exclusively in motor neurons of the FN in both WT and GFAP-IL6Tg animals. In addition to motor neuron
cell bodies, OPN1 neuronal prolongations are observed in the ipsilateral side of FN at 14 and 21 dpi (arrowheads in P to S). Double
immunofluorescence does not show co-localization between OPN and either TL (T and V) or GFAP (U and W) in neither WT (T and U)
nor GFAP-IL6Tg animals (V and W). Scale bar (A–L) 5 50 lm; (N–Q) 5 30 lm; (T–W) 5 10 lm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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However, an increase in OPN was observed at 3 dpi in the

axotomized FN side of both WT and GFAP-IL6Tg mice

(Fig. 7C,D,M). The IG for OPN slightly decreased at 7 dpi

in both groups of animals and from 14 dpi, marked differen-

ces in the OPN staining were found between WT and GFAP-

IL6Tg animals (Fig. 7M). Expression of this protein in WT

animals at 14 dpi showed similar levels to those found at 7

dpi and peaked thereafter at 21 dpi. In contrast, a significant

increase in OPN was found in GFAP-IL6Tg mice at 14 dpi

that decreased abruptly at 21 dpi. This rapid decrease in the

transgenic mice was due not only to a reduction in the num-

ber of motor neurons but also noticeably to a large decrease

in the intensity of OPN staining in comparison with WT

(Fig. 7R,S). At 28 dpi, no difference in OPN IG of staining

was observed between WT and GFAP-IL6Tg animals (Fig.

7K,L,M).

It is important to note that, in addition to expression in

neuronal cell bodies, OPN was also observed in some neuro-

nal projections along the ipsilateral FN side of both WT and

GFAP-IL6Tg mice at the different time-points analyzed, espe-

cially at 14 and 21 dpi (Fig. 7P–S).

Double immunofluorescence which combined OPN

with either tomato lectin (TL) for microglia or GFAP for

astrocyte labeling, demonstrated no co-localization of this

molecule with these two markers at any survival time in

either WT or GFAP-IL6Tg animals (Fig. 7T–W).

In summary, GFAP-IL6Tg animals had an altered pat-

tern of neuronal OPN expression characterized by higher lev-

els at 14 dpi and lowers at 21 dpi.

OPN-Receptors Expression
Expression of two of the main OPN-receptors, CD44 and

CD49e, was analyzed throughout the evolution of facial nerve

injury. Our results demonstrated that there was no staining of

these two OPN-receptors in the nonlesioned FN side of both

WT and GFAP-IL6Tg at the different time-points studied

(Figs. 8A,B and 9A,B). After facial nerve axotomy, de novo

expression of both CD44 and CD49e receptors was detected

in the ipsilateral FN side of both WT and GFAP-IL6Tg ani-

mals along the course of the lesion, and their expression was

different between these two groups of mice, as specified below.

CD44 Expression. CD44 staining was detected initially at 3

dpi in the ipsilateral FN side of both WT and GFAP-IL6Tg

animals, where a weak immunolabeling was observed mainly

in the soma of motor neurons (Fig. 8C,D,N,O). In WT ani-

mals, the AI of CD44 staining increased progressively at 7

and 14 dpi, reaching maximum at 21 dpi (Fig. 8M). At these

time-points, CD44 immunolabeling was found scattered in

neuropil of the ipsilateral FN (Fig. 8P) and in some cells

identified, by double immunolabeling, as T-lymphocytes

(CD31), most of them in close relationship with the soma of

motor neurons (Fig. 8R). At 28 dpi, an abrupt reduction in

the CD44 AI was seen (Fig. 8M), and only a weak CD44

staining was observed in few small areas of the ipsilateral FN

of WT animals (Fig. 8K). No co-localization of CD44 with

TL was found at any survival time. Rather, CD44 staining

was located in the periphery of OPN1 motor neurons, just

underneath TL1 microglial processes (Fig. 8T).

Although in GFAP-IL6Tg animals CD44 followed a

similar temporal pattern of staining, increasing at 7 and 14

dpi and peaking at 21 dpi, the AI index of labeling of this

molecule, from 7 to 28 dpi, was significantly lower than that

observed in WT animals (Fig. 8M). Similar to WT, in

GFAP-IL6Tg animals, CD44 immunolabeling was observed

scattered in the neuropil (Fig. 8Q), and, noticeably and in

contrast to what was observed in WT animals, few CD441/

CD31 T-lymphocytes were found (Fig. 8S). Again, CD44

staining detected in the neuropil did not co-localize with TL,

but was located between OPN1 motor neurons and TL1

microglial processes (Fig. 8U).

CD49e Expression. Immunostaining for CD49e, which was

absent in the nonlesioned FN (Fig. 9A,B), was first detected

in the ipsilateral FN of both WT and GFAP-IL6Tg animals

at 3 dpi (Fig. 9C,D). Although in both groups of animals

this integrin markedly increased at 7 dpi (Fig. 9E,F), the AI

index of staining was significantly lower in GFAP-IL6Tg than

in WT animals (Fig. 9M). From 14 to 28 dpi, the CD49e AI

index slightly decreased in both WT and transgenic animals

(Fig. 9G–L,M). At 3 and 7 dpi, CD49e immunolabeling was

found in processes wrapping the soma of FN motor neurons

(Fig. 9N,O). From 14 dpi, in addition, characteristic clusters

of cells with higher CD49e staining were found in both

groups of animals (Fig. 9P,Q).

Double immunofluorescence demonstrated co-

localization of CD49e and Iba11 microglial cells in all the

time-points analyzed in both WT and GFAP-IL6Tg mice and

especially in the clusters of microglial cells (Fig. 9R,S).

In summary, CD44 and CD49e immunolabeling were

significantly lower in GFAP-IL6Tg animals than in WT from

7 to 28 dpi. Notably, T-cells and motor neurons but not

microglia are the predominant CD441 cells, whereas CD49e

was predominantly found in association with microglial

clusters.

Discussion

In this study, we demonstrated that the astrocyte-targeted pro-

duction of IL-6 within the CNS had a direct impact on the

development of the nerve injury response to facial nerve axot-

omy. Axotomized GFAP-IL6Tg animals had higher neuronal

death in the lesioned FN of the brainstem than WT and this
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FIGURE 8: CD44 expression. Representative images showing CD44 expression in the nonlesioned FN (A and B) and in the ipsilateral side of
both WT (C, E, G, I and K) and GFAP-IL6Tg animals (D, F, H, J and L) at the different survival times after facial nerve axotomy. In A, La indi-
cates the lateral area, whereas Me indicates the medial area of the brainstem. (M) Histogram showing the quantification of AI index for
CD44 in WT and GFAP-IL6Tg animals along the different time-points after facial nerve axotomy. Note that, although the dynamics of CD44
AI index is similar in both groups of animals, from 7 to 28 dpi the AI index is significantly lower in GFAP-IL6Tg animals than in WT (*P £
0.05; **P £ 0.005; #P £ 0.08). High magnification images show the morphology and spatial location of CD441 cells in the ipsilateral side of
axotomized animals at 3 dpi (N and O) and 21 dpi (P and Q). Note that at early time-points CD44 is found within neuronal cell bodies (* in N
and O), whereas at later survival times (21 dpi), CD441 prolongations (arrows) as well as little-round cells (arrowheads) around motor neu-
rons (* in P and Q) are also detected. Double and triple immunofluorescence combining CD44 with CD3 (R and S) and with OPN and TL (T
and U), demonstrate co-localization of CD44 with CD3 (arrows in R and S), but not with either OPN or TL (T and U) in both WT (R and T) and
GFAP-IL6Tg animals (S and U). Note that, some CD441 processes are found surrounding neuronal OPN and covered by TL1 ramifications in
both WT and GFAP-IL6Tg animals (arrows in T and U). Scale bar (A–L) 5 50 lm; (N–U) 5 10 lm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]



FIGURE 9: CD49e expression. Representative images showing the expression of CD49e in the nonlesioned FN (A and B) and in the ipsi-
lateral side of both WT (C, E, G, I and K) and GFAP-IL6Tg animals (D, F, H, J and L) at the different survival times after facial nerve axot-
omy. In A, La indicates the lateral area, whereas Me indicates the medial area of the brainstem. (M) Histogram showing the
quantification of the AI index for CD49e staining in WT and GFAP-IL6Tg animals along the evolution of facial nerve axotomy. Note that
at 7 dpi the AI index is significantly lower in GFAP-IL6Tg than in WT animals (*P £ 0.05). High magnification images show the morphol-
ogy and disposition of CD49e1 cells in the ipsilateral side at 7 dpi (N and O) and 14 dpi (P and Q). At 7 dpi, CD49e is found in ramified
cells (arrows) surrounding neuronal cell bodies (*), whereas at 14 dpi, in addition, CD49e1 microglial clusters (arrowheads in P and Q)
are observed in both WT and GFAP-IL6Tg animals. Co-localization between CD49e and Iba1 is detected in both WT (R) and transgenic
animals (S) especially in microglial clusters. Scale bar (A–L) 5 50 lm; (N–S) 5 10 lm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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difference was associated with significant changes in the tem-

poral activation pattern of glial cells and lymphocyte infiltra-

tion. Moreover, we found variations in the pattern of OPN

expression in neurons and its receptors CD44 and CD49e in

lymphocytes and microglia, respectively, that, as we will dis-

cuss, can play a role in the process of neuronal wrapping and,

therefore, exert an influence on the survival of axotomized

motor neurons.

Increased Neuronal Death
Facial nerve axotomy is one of the most well-characterized

models of peripheral nerve injury widely used for the study

of retrograde neuronal degeneration (Moran and Graeber,

2004). After facial nerve axotomy in mice, a proportion of

motor neurons located in the FN of the brainstem die over a

period of several days, by a mechanism of apoptosis that is

dependent on the type of axotomy (Ha et al., 2008), the

mouse strain used (Ha et al., 2006) and the age of the ani-

mals (Dauer et al., 2011). In parallel with this neurodegener-

ation, a regenerative process of the axotomized axons is also

induced in surviving neurons, leading to a partial functional

recovery (Moran and Graeber, 2004). Although the exact

mechanisms mediating neuronal survival remains unclear,

both microglia and lymphocytes have been suggested to play

a role in the maintenance of motor neuron viability (Byram

et al., 2004; Jones et al., 2005; Serpe et al., 200). Our results

revealed an increase in neuronal death in GFAP-IL6Tg ani-

mals suggesting that the proinflammatory environment cre-

ated by IL-6 production may exert a negative influence in

some of the key events involved in the processes of neurode-

generation, neuroregeneration, or in both.

IL-6 could have a direct neurotoxic effect on FN motor

neurons as it has been shown that they express IL-6 receptor

(IL-6R) (Klein et al., 1997) and the deficiency of IL-6 in KO

animals has been associated with increased motor neuron sur-

vival (Galiano et al., 2001). However, our results clearly

showed significant changes between WT and GFAP-IL6Tg

animals in microglial reaction, lymphocyte infiltration, and

the expression pattern of certain molecules that can be

derived from higher neuronal death, although we cannot dis-

card the possibility that these changes might be due to an

effect of IL-6 through these cell types.

A point to take into account here is the fact that expres-

sion of IL-6 in the GFAP-IL6Tg mice is chronic and, there-

fore, we cannot evaluate the different effects if any, derived

from early versus late IL-6 expression. In this way, further

studies using conditional animals (Quintana et al., 2013) or

animals lacking the intracellular signaling pathways of IL-6,

such as mice with inducible gp130 deletion in myeloid cells

(Sander et al., 2008) or in neurons (Stanke et al., 2006), may

be useful to clarify the role of IL6 in this paradigm.

Altered Pattern of Glial Reactivity and Lymphocyte
Infiltration
Following facial nerve axotomy, it has been reported that

microglial cells become activated, proliferate, attach to axo-

tomized motor neurons wrapping them, and participate in

the so-called phenomenon known as “synaptic stripping”

(Blinzinger and Kreutzberg, 1968; Kreutzberg, 1996). During

synaptic stripping, microglial cells interpose between the

healthy presynaptic and postsynaptic elements (Blinzinger and

Kreutzberg, 1968; Kreutzberg, 1996) to disconnect excitatory

inputs to motor neurons allowing axonal regeneration and

functional recovery. Synaptic stripping has also been described

in other circumstances such as inflammation in the cerebral

cortex (Trapp et al., 2007) or after hypoglossal nerve injury

(Svensson and Aldskogius, 1993). However, in these kinds of

lesions, microglia appear to be involved in the active phago-

cytic removal of synaptic contacts rather than in disconnec-

tion of inputs. Our analysis of microglial reactivity in WT

animals showed microglial processes wrapping motor neuron

cell bodies from 3 to 21 dpi, decreasing thereafter at 28 dpi.

Interestingly, in GFAP-IL6Tg animals, coinciding with a

higher neuronal death at 21 dpi, the number of motor neu-

rons wrapped by microglia was less during the previous time-

points (3 to 14 dpi), supporting the idea that neuronal wrap-

ping and synaptic stripping is a protective phenomenon in

this paradigm (Kreutzberg, 1996). In agreement with this,

some evidence suggests that defects in the microglia-neuron

attachment after facial nerve axotomy, as occurs in microglial

cathepsin deficient mice (Hao et al., 2007) and TGF-b1 defi-

cient animals (Makwana et al., 2007) might lead to a higher

neuronal death. Defects in motor neuron cell wrapping after

facial nerve axotomy have also been described in other cyto-

kine mutants, such as the IL-6 KO mice (Galiano et al.,

2001) and the MCSF deficient mice (Kalla et al., 2001) sug-

gesting that the cytokine microenvironment may regulate this

phenomenon.

Our observations also showed that motor neuron wrap-

ping in transgenic animals was higher than in WT at later

time-points after facial nerve axotomy, being still evident at

28 dpi but almost absent in WT animals. Is unclear what, if

any, consequences there might be of this delay. However, alto-

gether, these results indicate that IL-6 production modifies

the microglial response to nerve injury in the FN that

impacts the wrapping of motor neurons that might be

responsible for the increased neuronal death.

Microglial proliferation is another key event in the

microglial activation pattern associated with a wide range of

CNS injuries (Raivich et al., 1999) including facial nerve

axotomy (Raivich et al., 1994). This proliferative capacity has

been shown to be altered by different cytokines and other sig-

naling molecules. Indeed, treatment of microglial-astroglial
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co-cultures with IL-6 leads to a slight stimulatory effect on

microglial proliferative capacity (Kloss et al., 1997), whereas a

reduction of microglial proliferation was observed in IL-6

deficient mice after facial nerve axotomy (Klein et al., 1997).

In agreement with these studies, our results revealed that in

GFAP-IL6Tg animals, at 3 dpi, the number of microglial

cells was higher than in WT, suggesting that IL-6 may play a

role in the proliferative capacity of microglia.

In addition to changes in microglial cell number, mor-

phology, and neuronal wrapping, our observations also

showed, in agreement with other studies (Kloss et al., 1999;

Raivich et al., 1999), a significant upregulation of CD11b

and CD18 staining during lesion evolution, that is, indicative

of microglial activation (Kettenmann et al., 2011). The

upregulation of both markers was higher in GFAP-IL6Tg ani-

mals at 3 dpi suggesting a more rapid response of microglial

cells to axotomy due to IL-6 production. In this sense, some

studies have shown that IL-6 is able to induce microglial acti-

vation both in vitro (Krady et al., 2008) and after its acute

administration in vivo (Tilgner et al., 2001). Moreover, strong

microglial activation occurs in the brain of GFAP-IL6Tg ani-

mals, the extent of which overlaps with the level of transgene

encoded IL-6 production (Campbell et al., 1993; Chiang

et al., 1994; Heyser et al., 1997).

Strikingly, at later time-points, we found a marked

reduction of CD18 IG, and especially of CD11b, in the

GFAP-IL6Tg animals. Although the role played by these mol-

ecules in CNS pathology has not yet been well determined,

particularly in the facial nerve axotomy model, expression of

its principal counter-receptor ICAM-1 was demonstrated in

lymphocytes (Werner et al., 1998). Consequently, the

decrease in CD11b and CD18 expression observed in GFAP-

IL6Tg animals, at later time-points, could be a signal of

reduced microglial activation or even may involve a deficient

attachment between microglia and lymphocytes. These obser-

vations in conjunction with the decrease in the neuronal

wrapping described earlier in GFAP-IL6Tg animals, lead us

to speculate that CD11b and perhaps also CD18, may be key

molecules involved in the control of the mechanisms of neu-

ronal wrapping and lymphocyte function in this paradigm.

It is important to point out here, the differences found

in our study in terms of the microglial response depending

on the microglial marker used for the analysis. This fact dem-

onstrated the tremendous plasticity of microglia and the

importance of studying the complex phenomenon of their

activation using different markers.

Another interesting difference observed in GFAP-IL-

6Tg animals in terms of microglial activation was the lower

number of microglial clusters found. Despite not being exten-

sively described in the literature, the few articles reporting the

formation of microglial clusters following facial nerve

axotomy suggest that this phenomenon is associated with

neuronal death (Dauer et al., 2011; Petito et al., 2003; Rai-

vich et al., 1998). In some of these studies, the amount of

cluster formation was used as a measure of motor neuron cell

death (Dauer et al., 2011; Petito et al., 2003). Notably, and

in contrast to these previous studies, our observations indi-

cated that in GFAP-IL6Tg mice, where there was a higher

neuronal death, there were less microglial clusters. This

decrease in the number of clusters in transgenic mice could

be related with a faster or more effective microglial phagocy-

tosis, although we cannot rule out the possibility that micro-

glial clustering may play other, yet to be identified functions.

In this sense, recent studies in multiple sclerosis showed the

presence of microglial cell clusters in preactive lesions with

high expression of IL-10, suggesting that they may play a role

as regulators of inflammation (van Horssen et al., 2012). Fur-

ther studies must be explored to better characterize, (1) the

factors controlling their formation, (2) the molecules

expressed within these microglial clusters, and (3) the interac-

tion established, if any, with infiltrating lymphocytes.

Our findings showed that after facial nerve axotomy, the

astroglial response monitored by GFAP staining was altered

in GFAP-IL6Tg animals. As GFAP expression is regulated by

IL-6 (reviewed in Pekny et al., 2014), we could expect a

greater upregulation of GFAP in axotomized transgenic mice

versus axotomized WT. In agreement with this hypothesis,

some authors showed that after facial nerve axotomy, IL-6

deficient mice showed less GFAP than WT (Klein et al.,

1997). However, our results revealed that, at later time-points

after lesion, the transgenic animals displayed a less intense

expression of GFAP than WT. We have not a single explana-

tion to this phenomenon, although we cannot discard the

possibility that chronic IL-6 expression produced an altered

state of microglia and/or factors produced by T-cells that

might downregulate GFAP expression.

Noticeably, the changes we have reported in glial activa-

tion correlates with an increase in the proportion of T-helper

lymphocytes in the FN of transgenic animals at the two time-

points analyzed, 14 and 21 dpi. It is well accepted that infil-

tration of lymphocytes in the FN after axotomy in the mouse

occurs in two different waves, one as early as 3 dpi and a sec-

ond at later time-points (14 dpi) (Raivich et al., 1998).

Although not too much is known about the role played by

these lymphocytes, it has been suggested that they may have a

protective role because the lack of functional mature T and B

cells, in either the SCID mutant mice or the RAG2-KO

mice, have been correlated with a dramatic increase in neuro-

nal death in this lesion paradigm (Serpe et al., 2000). More-

over, this higher neuronal death was prevented by

reconstitution of these mice with functional T and B cells

(Serpe et al., 1999). In our study, however, the higher
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neuronal death correlated with an increase in lymphocyte

infiltration. There are two plausible explanations for these

contradictory results: the first may be that local production of

IL-6 shifts the phenotype of T-cells infiltrating the FN paren-

chyma in GFAP-IL6Tg animals toward a proinflammatory

Th17 phenotype, as it has been described in other neuroin-

flammatory conditions (Kimura and Kishimoto, 2010),

instead of the protective Th2 described after facial nerve axot-

omy (Deboy et al., 2006), inducing a higher death of motor

neurons. In this sense, it will be of considerable interest to

identify, in a future study, the specific lymphocyte subpopula-

tions entering the FN in GFAP-IL6Tg mice.

The second possibility is that production of IL-6 in

transgenic animals can change the pattern of chemokine or

adhesion molecules involved in lymphocyte recruitment in

the FN after axotomy, inducing a higher infiltration of these

cells. In support of this, increased lymphocyte infiltration has

already been described in specific areas of the CNS of GFAP-

IL6Tg mice concomitant with upregulation of VCAM-1 and

ICAM-1 expression (Campbell et al., 1993; Milner and

Campbell, 2006) as well as specific chemokines such as

CCL5 and CCL12 (Quintana et al., 2009) important mole-

cules involved in lymphocyte transmigration across blood

brain barrier.

Changes in OPN Expression and its Receptors
Our study also demonstrated differences between WT and

GFAP-IL6Tg animals, in the pattern of OPN expression in

motor neurons and its receptors CD44 and CD49e in lym-

phocytes or microglia.

In contrast to previous studies reporting expression of

this glycoprotein in microglia and astrocytes after different

types of lesions such as spinal root avulsion (Fu et al., 2004),

traumatic spinal cord injury (Hashimoto et al., 2003), ische-

mia (Choi et al., 2007), LPS (Iczkiewicz et al., 2005) and

kainic acid injection (Kim et al., 2002), cuprizone-mediated

demyelination (Selvaraju et al., 2004), scrapie infection (Jin

et al., 2006), cryolesion (Shin et al., 2005) and Theiler’s

murine encephalitis (Shin and Koh, 2004), in our study,

OPN expression was not found in either microglial cells or

astrocytes. In agreement with previous studies in adult rat

(Shin et al., 1999; Suzuki et al., 2012), we found OPN con-

stitutively present in motor neurons of the nonlesioned FN of

both WT and GFAP-IL6Tg animals. After facial nerve axot-

omy, we observed a similar increase in neuronal OPN at 3

dpi that drop at 7 dpi in both WT and transgenic animals.

At 14 and 21 dpi, OPN staining in motor neurons drastically

differed in these two groups of animals peaking at 21 dpi in

WT and at 14 dpi in GFAP-IL6Tg animals. Increased OPN

has been described in affected neurons in diverse types of

CNS pathology such as spinal root avulsion (Fu et al., 2004),

epilepsy (Borges et al., 2008), scrapie infection (Jin et al.,

2006), cryolesion (Shin et al., 2005), oxygen-glucose-deprived

hippocampal slices (Lee et al., 2010), Alzheimer’s disease

(Wung et al., 2007), multiple sclerosis (Sinclair et al., 2005),

and different experimental autoimmune encephalomyelitis

(EAE) models (Chabas et al., 2001). The exact role played by

OPN in neurons is, however, still not completely known and

both detrimental as well as neuroprotective roles (Carecchio

and Comi, 2011) have been attributed to this glycoprotein in

this cell type. We do not know what role is played by OPN

in our paradigm because the increased neuronal death

observed in GFAP-IL6Tg mice could be associated with

either the increased OPN at 14 dpi or the lower expression at

21 dpi.

In addition to changes in OPN, differences in the level

of the OPN receptors CD44 and CD49e were also observed

in our study. Whereas, in agreement with other studies (Jones

et al., 1997; Kloss et al., 1999), the IG of both CD44 and

CD49e integrin in WT animals increased from 7 to 21 dpi,

in GFAP-IL6Tg animals we found less CD44 at all these

time-points and less CD49e specifically at 7 dpi. In WT ani-

mals, the simultaneous upregulation of OPN in motor neu-

rons, CD44 in lymphocytes and CD49e in surrounding

microglia could be an important factor for the adhesion of

these lymphocytes and microglial cells to neurons during the

synaptic stripping process and may regulate the survival or

death of motor neurons. Indeed, it is well known that

through binding with specific receptors, such as CD44, OPN

favors the recruitment of innate cells by inducing migration

and adhesion of dendritic cells, neutrophils, and macrophages

(Giachelli et al., 1998; Weber et al., 1996). Our observation

of CD44 expression in the periphery of motor neurons is in

agreement with previous studies showing its presence in the

plasma membrane of neurons (Jones et al., 1997). Although

the function played by CD44 in motor neurons is not clear,

some authors suggest that its presence in regenerative axons

may indicate a putative role in regulation of axonal outgrowth

(Makwana et al., 2010). The fact that GFAP-IL6Tg animals

showed less expression of both CD44 and CD49e receptors

at the time-points where the neuronal wrapping and synaptic

stripping has been described, lead us to speculate that the

increase in neuronal death observed in GFAP-IL6Tg animals

could be due to a deficient attachment of microglia and/or

lymphocytes to neurons. This deficiency may be due to an

alteration in the expression of OPN, CD44 and CD49e,

pointing to this molecular signaling mechanism as a key event

in driving the cross talk among these three cell types and the

subsequent further fate of axotomized motor neurons.

In conclusion, we have established that transgenic pro-

duction of IL-6 in the CNS induces a major impact on the

three main cellular components commonly related to the
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neuro-degenerative and/or -regenerative processes after facial

nerve axotomy: neurons, microglia, and lymphocytes. We

demonstrated an increase in neuronal death in the FN of

transgenic animals that was accompanied by changes in the

association established between activated microglial cells and

neurons and a decrease in the expression of microglial

CD11b and CD18 integrins at the different time-points ana-

lyzed. Moreover, GFAP-IL6Tg animals showed an increase in

the number of lymphocytes in the FN and a lower level of

OPN in neurons, CD44 in lymphocytes and CD49e in

microglial cells. Altogether, these results suggest that IL-6

mediates alterations in the pattern of microglial activation

and the lymphocyte infiltration that impact negatively on the

outcome of neuronal death after a lesion in the CNS.
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Astrocyte-Targeted Production of IL-10
Induces Changes in Microglial Reactivity

and Reduces Motor Neuron Death
After Facial Nerve Axotomy
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Interleukin-10 (IL-10) is a cytokine that plays a crucial role in regulating the inflammatory response and immune reactions. In
the central nervous system (CNS), IL-10 is mainly produced by astrocytes and microglia and it is upregulated after various
insults, such as experimental autoimmune encephalomyelitis, middle cerebral artery occlusion, excitotoxicity and traumatic
brain injury. To better understand the effects of IL-10 in the normal and injured CNS, we generated transgenic mice (termed
GFAP-IL-10Tg) that expressed the murine IL-10 gene under the transcriptional control of the glial fibrillary acidic protein
(GFAP) promoter. Previous studies demonstrated marked changes in the microglial phenotype in these mice under basal con-
ditions. The objective of the present study was to investigate the effects of local astrocyte-targeted IL-10 production on glial
activation, neuronal degeneration and leukocyte recruitment after axotomy. GFAP-IL-10Tg mice had marked changes in the
phenotype of activated microglial cells, as well as in the number of microglial clusters and in microglial cell density. These
microglial changes are accompanied by a twofold increase in lymphocyte infiltration in GFAP-IL-10Tg mice and around two-
fold decrease in neuronal cell death at 21 dpi. Altogether, our findings suggested that astrocyte-targeted production of IL-10
impacted the microglial response and lymphocyte recruitment and culminated in a beneficial effect on neuronal survival.

GLIA 2015;63:1166–1184
Key words: microglia, transgenic animal, neuronal survival, lymphocytes, nerve injury, neurodegeneration, cytokines, IL-10R,
CD18, CD16/32, MHC-II, CD39, arginase-1, Ym-1, CD150

Introduction

Facial nerve axotomy (FNA) is a well-characterized model

of peripheral nerve injury, extensively used for the study

of retrograde neuronal degeneration and regeneration (Mak-

wana and Raivich, 2005; Moran and Graeber, 2004). Facial

motor neuron (FMN) degeneration is accompanied by a

robust activation of microglial cells located in the facial

nucleus (FN). In a first phase, from 2 to 14 dpi, activated

microglial cells proliferate (Raivich et al., 1994), undergo

changes in morphology and the expression of several activa-

tion markers (Galiano et al., 2001; Kloss et al., 1999; Raivich

et al., 1998b; Werner et al., 1998), adhere to the neuronal

cell body (Jones et al., 1997; Svensson et al., 1994), and then

displace the neurite terminals in a process termed “synaptic

stripping” (Blinzinger and Kreutzberg, 1968; Kreutzberg,

1996). Between 2 and 3 weeks after injury, activated micro-

glia also form large clusters around dying motor neurons,

phagocytose neuronal debris (Moller et al., 1996; Raivich

et al., 1998b), and, by the expression of MHC-II and costi-

mulatory factors (Bohatschek et al., 2004; Streit et al., 1999)

interact with T-lymphocytes recruited to the axotomized FN

(Byram et al., 2004; Raivich et al., 1998b). In addition to

these neuronal and microglial changes, FNA leads to a bipha-

sic induction of inflammation-associated cytokines: (1) a
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rapid upregulation of interleukin-6 (IL-6), TGF-beta, and

MCSF receptor (Bohatschek et al., 2004; Jones et al., 2000;

Raivich et al., 1998a) and (2) a second phase around 14 dpi,

coinciding with the peak of neuronal cell death, with

increased production of IL-1beta, TNF-alpha and IFN-

gamma (Raivich et al., 1998b). These inflammation-

associated cytokines impact on the fate of axotomized FMN

(Galiano et al., 2001; Kalla et al., 2001; Raivich et al., 2003).

To understand the effect of certain cytokines in the evolution

of CNS lesions, we are currently working in transgenic mice

with CNS-targeted production of specific cytokines. In recent

work, we evaluated the effects of astrocyte-targeted produc-

tion of IL-6 in the paradigm of FNA and showed that IL-6

induces an increase in FMN cell death associated with

changes in microglial reactivity and increased T lymphocyte

recruitment (Almolda et al., 2014b).

While IL-6 is considered a proinflammatory cytokine

that acts as major modulator of inflammation in the CNS

(Benveniste, 1998; Erta et al., 2012), interleukin-10 (IL-10)

is an anti-inflammatory cytokine that has a pivotal role in

controlling inflammation and modulates peripheral adaptive

immune responses that cause tissue damage (Asadullah, 2003;

Mosmann, 1991; Sabat, 2010; Trinchieri, 2007). In the

CNS, astrocytes and microglia are potential sources of IL-10

production (Hulshof et al., 2002; Ledeboer et al., 2002; Park

et al., 2007), whereas the expression of the IL-10 receptor

(IL-10R) has been described on microglia (Mizuno et al.,

1994; Strle et al., 2002), astrocytes (Pousset et al., 2001; Xin

et al., 2011), oligodendrocytes (Molina-Holgado et al., 2001),

and neurons (Xin et al., 2011; Zhou et al., 2009). IL-10

expression is upregulated under pathological conditions,

mainly associated with the recovery phase (Kennedy et al.,

1992; Samoilova et al., 1998) or later time-points after injury

(Apelt and Schliebs, 2001; Gonzalez et al., 2009). Moreover,

systemically administered IL-10 has beneficial effects after dif-

ferent CNS experimental injuries (Spera et al., 1998).

To study the specific effects of local IL-10 production

within the CNS, we have generated a transgenic mouse model

with astrocyte-targeted production of IL-10 (GFAP-IL-10Tg

mice) (Almolda et al., 2014a). Characterization of these trans-

genic mice revealed altered microglial cell density and mor-

phology as well as changes in the expression of several

activation markers in different brain areas. In the present study,

we investigated whether CNS-targeted IL-10 production exerts

any effect on the microglial and astroglial response, lymphocyte

recruitment and FMN cell death following FNA.

Materials and Methods

Animals
For this study, a total of 66 GFAP-IL-10Tg animals (3 months old)

and a total of 61 wild-type (WT) littermates from both sexes were

used. All mice were housed under a 12-h light/dark cycle, with food

and water ad libitum. All experimental animal work was conducted

according to Spanish regulations (Ley 32/2007, Real Decreto 1201/

2005, Ley 9/2003, and Real Decreto 178/2004) in agreement with

European Union directives (86/609/CEE, 91/628/CEE, and 92/65/

CEE) and was approved by the Ethical Committee of the Autono-

mous University of Barcelona. Every effort was made to minimize

the number of animals used to produce reliable scientific data, as

well as animal suffering and pain.

Facial Nerve Axotomy and Experimental Groups
GFAP-IL-10Tg and WT mice were anesthetized with a solution of

xylazine (20 mg/kg) and ketamine (80 mg/kg) injected intraperitone-

ally at dose of 0.01 mL/g. The skin behind the right ear was shaved

and cleansed with 70% ethanol. A small incision was made and skin

and muscle were gently separated to expose the right facial nerve.

One millimeter of the facial nerve main branch was resected at the

level of the stylomastoid foramen. Following the surgery, the skin

was sutured with 5-0 nylon. Corneal dehydration was prevented by

application of Lacri-lubeV
R

eye ointment. After anesthesia recovery,

the complete whisker paralysis was assessed to ensure correct facial

nerve resection.

Nonlesioned and axotomized animals were distributed in dif-

ferent experimental groups and euthanized at 3, 7, 14, 21, and 28

days postinjury (dpi) for real-time polymerase chain reaction (RT-

PCR) analysis and immunohistochemistry, whereas another set of

animals were euthanized at 21 dpi and used for motor neuron sur-

vival quantification.

Sample Processing for RT-PCR
Nonlesioned and axotomized animals were used for RT-PCR analy-

sis. Animals were deeply anesthetized with a solution of xylazine

(20 mg/kg) and ketamine (80 mg/kg) injected intraperitoneally

(0.015 mL/g) and intracardially perfused with a solution containing

phosphate buffer solution (PBS) and 0.1% of diethyl pyrocarbonate

water (DEPC, Sigma, 40718). Brains were quickly dissected out, fro-

zen using dry ice and stored at 280�C until use. Two coronal 400-

mm thick sections of the brainstem containing the facial nucleus

region were obtained using a JUNG CM 3000 Leica cryostat and

placed on glass slides under RNase-free conditions. The contralateral

and the ipsilateral facial nucleus were separately collected, lysed by

mechanical disruption in Trizol reagent (Qiagen) and homogenized

following the procedure provided by the manufacturer. Isolated

mRNA was reverse transcribed to cDNA using a first-strand synthe-

sis kit and M-MLV Reverse Transcriptase (Promega Corporation,

MA). Samples were heated at 70�C for 5 min to eliminate any sec-

ondary structures, then incubated at 23�C for 10 min, 1 h at 37�C,
and 5 min at 95�C before being chilled at 4�C using a thermocycler

T Gradient (Whatman, Biometra). The amount of cDNA was quan-

tified with iTaq Universal SYBRVR Green Supermix (Bio Rad) using a

Bio Rad RT-PCR iCycler. Each PCR reaction was performed in trip-

licate with the following cycling parameters: 10 min at 95�C and 40

cycles of 1 min at 95�C, 1 min at 60�C and 1 min at 72�C, fol-
lowed by a melting curve analysis. RT-PCR primers were designed

in two different exons; primer length was comprised between 18 and
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30 bp, GC content was between 40 and 60% and nonspecific

primer annealing and mismatches were minimized. The presence of

nonspecific products of amplification and primer-dimer presence

were evaluated by melting curve analysis during RT-PCR primer val-

idation. The following primers were used to amplify the transcripts

of interest:

GADPH 50: CATCAAGAAGGTGGTGAAGC
GADPH 30: ACCACCCTGTTGCTGTAG
IL-10 50: AAGGGTTACTTGGGTTGCCA
IL-10 30: TTTCTGGGCCATGCTTCTCT
Fold differences of expression were calculated using the com-

parative method, also referred as DDCt Method (Livak and Schmitt-

gen, 2001). The sample of WT nonlesioned FN was used as the

reference sample or calibrator.

Tissue Processing for Histological Analysis
Animals were deeply anesthetized as described above and perfused

intracardially with 4% paraformaldehyde in 0.1 M phosphate buffer

(pH 7.4). Brains were removed and postfixed in the same fixative

for 4 h at 4�C and, after rinsing in phosphate buffer, cryopreserved

for 48 h in a 30% sucrose solution and frozen with 2-methylbutane

solution (Sigma-Aldrich). Coronal sections (30-mm-thick) of the

brainstem containing the facial nucleus (FN) were obtained using a

CM3050s Leica cryostat. For immunohistochemistry studies, series

of parallel free-floating sections were stored at 220�C in Olmos

antifreeze solution until their late use. For motor neuron survival

quantification, consecutive FN sections were collected on gelatin-

coated slides.

Motor Neuron Survival Quantification
Consecutive FN sections (30-mm-thick) mounted on gelatin-coated

slides were stained with a solution containing 0.1% toluidine blue

diluted in Wallpole buffer (0.05 M, pH 4.5). After staining, sections

were dehydrated in a sequence of graded alcohols, N-butyl alcohol

and xylene. Subsequently, sections were coverslipped with DPX, a

nonaqueous mounting medium.

The contralateral and the ipsilateral side of every section

through the entire FN were examined and photographed using a

DXM1200 Nikon digital camera joined to a brightfield Nikon

Eclipse E600 microscope. The photographs were analyzed with digi-

tal AnalySISV
R

software (Soft Imaging System). In addition to the

total number of neurons, maximum and minimum diameters of

neuronal profiles in the FN were recorded in order to obtain the

mean diameter. To compensate for double counting neurons in adja-

cent sections, the Abercrombie’s correction factor (Abercrombie,

1946) was applied as previously reported (Almolda et al., 2014b).

Single Immunohistochemistry
Free-floating cryostat sections were processed for the visualization of

IL-10 receptor (IL-10R), Iba1, CD16/32, CD11b, CD18, Ym-1,

CD150, Arginase-1, CD39, MHC-II, GFAP and CD3 markers as

previously described (Almolda et al., 2011). Briefly, after 10 min of

endogenous peroxidase blocking with 2% H2O2 in 70% methanol,

sections were blocked for 1 h in 0.05 M Tris-buffered saline (TBS),

pH 7.4, containing 10% foetal calf serum, 3% bovine serum albu-

min (BSA) and 1% Triton X-100. Subsequently, sections were incu-

bated overnight at 4�C followed by 1 h at room temperature (RT)

with rabbit anti-IL-10R (1:50; Sc-985; Santa Cruz), rabbit anti-Iba1

(1:3,000; 019-19741; Wako), rat anti-CD16/32 (1:1,000; 553142;

BD Pharmingen), rat anti-CD18 (1:2,000; MCA1032G, AbD Sero-

tec), rabbit anti-Ym-1 (1:400; 01404; Stem Cell Technology), rat

anti-CD150 (1:125; MCA2274; AbD Serotec), goat anti-Arginase-1

(1:100; Sc-18354; Santa Cruz), sheep anti-CD39 (1:500; AF4398;

R&D Systems), rat anti-MHC-II (1:25; TIB-120, Hybridoma super-

natant ATCC), rabbit anti-GFAP (1:1,800; Z0334; Dakopatts), or

hamster anti-CD3 (1:500; MCA2690; AbD Serotec) antibodies

diluted in the same blocking solution. In the case of IL-10R, incuba-

tion was done for 48 h at 4�C followed by 1 h at room temperature

(RT). In the case of Ym-1, all the washes were performed with TBS.

Sections incubated in media lacking the primary antibody were used

as negative control and spleen sections as positive control. After

washes with TBS11% Triton, sections were incubated at RT for 1 h

with biotinylated anti-rabbit secondary antibody (1:500; BA-1000;

Vector Laboratories; Burlingame, CA), biotinylated anti-rat second-

ary antibody (1:500; BA-4001; Vector Laboratories), biotinylated

anti-goat secondary antibody (1:500; BA-9500; Vector Laboratories),

biotinylated anti-sheep secondary antibody (1:500; BA-6000; Vector

Laboratories), or biotinylated anti-hamster secondary antibody

(1:500; BA-9100; Vector Laboratories) diluted in the blocking solu-

tion. After 1 h at RT in horseradish streptavidin-peroxidase (1:500;

SA-5004; Vector Laboratories), the reaction was visualized by incu-

bating the sections with a DAB kit (SK-4100; Vector Laboratories)

following the manufacturer’s instructions. Finally, sections were

mounted on gelatin-coated slides, counterstained with toluidine

blue, dehydrated in graded alcohols and, after xylene treatment, cov-

erslipped with DPX. Sections were analyzed and photographed with

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

microscope.

Double and Triple Immunohistochemistry
Double-immunolabelling was performed by firstly processing the

free-floating sections for Iba1 as described above, but using Alexa

FluorV
R

488 conjugated anti-rabbit (1:1,000, A-21206; Molecular

Probes) as secondary antibody. After several washes with TBS 1%

Triton, sections were incubated overnight at 4�C followed by 1 h at

RT with rat anti-MHC-II. Sections were then incubated for 1 h at

RT in Alexa FluorV
R

555 conjugated anti-rat secondary antibody

(1:1,000; A31570; Molecular Probes). For the study of IL-10R

colocalization, sections were processed for IL-10R staining as

described above but using Alexa FluorV
R

555 conjugated streptavidin

instead of horseradish streptavidin-peroxidase (1:1,000; S-32355;

Molecular Probes). Then, sections were incubated overnight at 4�C
and 1 h at RT with mouse anti-GFAP (1:6,000; 63893, Sigma) fol-

lowed by Alexa FluorV
R

488-conjugated anti-mouse secondary anti-

body(1:1,000; A11029; Molecular Probes). Triple stain-

immunolabelling combining CD3, MHC-II, and Iba1 was carried

out by firstly incubating sections with CD3 as described above but

using Alexa FluorV
R

555 conjugated streptavidin at RT for 1 h

(1:1,000; S-32355; Molecular Probes) instead of horseradish

streptavidin-peroxidase. Then, sections were incubated overnight at
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4�C and 1 h at RT with rat anti-MHC-II and rabbit anti-Iba1 fol-

lowed by Alexa FluorV
R

488-conjugated anti-rat (1:1,000; A11006;

Molecular Probes) and Cy5-conjugated anti-rabbit (1:1,000;

PA45004; Amersham Biosciences) secondary antibodies for 1 h at

RT. Before being coverslipped with Fluoromount GTM (0100-01,

SouthernBiotech), double and triple labeled sections were nuclei

stained with 40,6-diamidino-2-phenylindole (DAPI; 1:10,000;

D9542; Sigma Aldrich). Colocalization was analyzed with a Zeiss

LSM 700 confocal microscope.

Brightfield Microscopy Quantification
Quantitative analysis was performed on sections immunolabelled for

Iba1, CD16/32, CD18 and MHC-II. At least three WT and three

GFAP-IL-10Tg animals per time postaxotomy were analyzed. At

least three representative sections from the brainstem containing the

central part of the FN from both the contralateral and the ipsilateral

sides from each animal were photographed at 103 magnification.

The percentage of area covered by the immunolabelling and the

intensity of the immunoreaction (Mean Gray Value) for each marker

were analyzed using ImageJV
R

software (Wayne Rasband, National

Institutes of Health). For each animal, the gray grade quotient

(GGQ) was obtained by dividing the Mean Gray Value on the ipsi-

lateral side by the Mean Gray Value on the contralateral side. The

intensity grade (IG) was calculated by multiplying the percentage of

the immunolabelled area by the GGQ. In the case of CD16/32 and

MHC-II where staining of these molecules was absent or very low in

the contralateral FN, the AI index (% Area immunolabelled multi-

plied by the Mean Gray Value) was used.

In order to quantify microglial cell density, sections stained for

Iba1 from a minimum of five WT and five GFAP-IL-10Tg animals

at 3, 7, and 28 dpi were analyzed. At least three representative sec-

tions from the brainstem containing the central part of the FN from

both the contralateral and the ipsilateral FN were analyzed per ani-

mal. Three photographs of each section were taken at high magnifi-

cation (403). The total number of nucleated Iba1-positive cells were

performed on each microphotograph (0.0037 mm2 frame) using

“Cell counter” plug-in from NIH Image JV
R

software (Wayne Ras-

band, National Institutes of Health) and expressed as cells/mm2.

Quantification of microglial clusters, i.e., groups of at least

three or more nucleated microglial cells, was performed at 14 and

21 dpi on sections stained for Iba1, in a minimum of five WT and

five GFAP-IL-10Tg animals. At least three representative sections

from the brainstem containing the central part of the FN from each

animal were captured at 103 magnification. The number of micro-

glial clusters per section were obtained using “Cell counter” plug-in

from NIH Image JV
R

software (Wayne Rasband, National Institutes

of Health) and expressed as Iba1 positive clusters/section.

To evaluate T lymphocyte infiltration in the FN, a minimum

of five WT and five GFAP-IL-10Tg animals at 3, 7, 14, 21, and 28

dpi were used. At least three representative sections from the brain-

stem stained for CD3 containing the central part of the FN for each

animal were captured at 103 magnification. All CD3 positive cells

in each microphotograph were counted using the “Cell counter”

plug-in from ImageJV
R

software (National Institutes of Health) and

expressed as CD3 positive cells/section.

Statistical Analysis
Statistics were performed using Graph Pad PrismVR software and

results were expressed as mean6 standard error of the mean (SEM).

Statistical analysis for motor neuron survival was performed using a

standard two-tailed, unpaired Student’s T test. Two-way analysis of

variance (ANOVA) was used for comparisons between groups across

3, 7, 14, 21, and 28 dpi and post hoc Bonferroni’s multiple compar-

ison test was applied to compare among groups.

Results

IL-10 mRNA Expression
Using RT-PCR quantification, we observed that although IL-

10 mRNA is expressed constitutively in the nonlesioned FN

of both WT and GFAP-IL-10Tg mice, expression was sub-

stantially higher in GFAP-IL-10Tg mice than in WT (Fig.

1). Similarly in lesioned animals, the amount of IL-10

mRNA was always higher in the contralateral side of GFAP-

IL-10Tg animals than in the contralateral side of WT and

remained unaltered along the different time-points studied. In

the ipsilateral side of lesioned WT animals, IL-10 mRNA

expression only increased at 21 dpi, in comparison with its

corresponding contralateral; whereas in GFAP-IL-10Tg mice,

the ipsilateral side (compared with its corresponding contra-

lateral side) showed a marked increase at 28 dpi. Notably, in

the ipsilateral side of GFAP-IL-10Tg mice, IL-10 mRNA

FIGURE 1: IL-10 mRNA expression levels. Graph shows IL-10
mRNA expression levels of both WT (black) and GFAP-IL-10Tg
animals (green) in the nonlesioned FN (NL) as well as in the axo-
tomized FN (continuous line) and its corresponding contralateral
side (dotted line) at 3, 7, 14, 21, and 28 dpi after FNA. Levels
are expressed as fold changes compared with the nonlesioned
WT FN value. Note that, in the ipsilateral side of GFAP-IL-10Tg
mice, IL-10 mRNA expression is always higher than the observed
in WT (*P<0.05; **P<0.01). In both WT and GFAP-IL-10Tg, sig-
nificant differences between the ipsilateral side and their corre-
sponding contralateral side are indicated with letters (a:
P<0.05). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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expression was significantly higher than in the ipsilateral side

of WT in all time-points analyzed after FNA.

IL-10R Staining
IL-10R staining was found in the FMN of the contralateral side

of both WTand GFAP-IL-10Tg (Fig. 2A,B). After FNA, IL-10R

staining intensity was considerably lower in the ipsilateral side of

both WT and GFAP-IL-10Tg at 7 dpi (Fig. 2C,D). At 14 dpi,

whereas IL-10R staining remained low in the ipsilateral side of

WT, GFAP-IL-10Tg mice presented an increase in IL-10R (Fig.

2E,F). When observed at 28 dpi, GFAP-IL-10Tg showed higher

IL-10R staining than WT in the ipsilateral, though, the intensity

was still lower than the observed in the contralateral side. Along

all time-points analyzed after FNA, IL-10R staining was restricted

to the FMN and it was not detected in astrocytes, as assessed by

double immunohistochemistry (Fig. 2G,H).

FIGURE 2: IL-10R immunhistochemistry. Representative microphotographs from WT and GFAP-IL-10Tg mice corresponding to the contra-
lateral side at 3 dpi (Con; A and B) and the ipsilateral FN at 7 and 14 dpi (C–F). (G–H) Double immunohistochemistry combining IL-10R
(red) with GFAP (green). Nuclei were stained with DAPI (blue). No colocalization of IL-10R and GFAP was observed. Scale bar (A–F)550
mm. Scale bar (G–H)520 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3: Iba1 immunohistochemistry. Representative microphotographs from WT and GFAP-IL-10Tg mice corresponding to the contra-
lateral side at 3 dpi (Con; A and B) and the ipsilateral FN at 3, 7, 14, 21, and 28 dpi (C–L). (M) Graph showing the time course of Iba1 stain-
ing, expressed as IG (intensity grade), on the ipsilateral FN of WT and GFAP-IL-10Tg mice in comparison with their corresponding
contralateral. (N) Graph showing the quantification of Iba1 positive microglial clusters at 14 and 21 dpi. Note that GFAP-IL-10Tg animals
presented higher number of clusters/section than WT animals at 14 dpi (***P<0.0001). (O) Graph showing the density of Iba1 positive cells
in the axotomized FN. Note that at 28 dpi, Iba1 positive cell density was higher in GFAP-IL-10Tg mice (*P<0.05). (P–W) High-magnification
photographs showing the morphology of Iba1 positive microglial cells (arrows) at 3, 14, and 28 dpi. Note that at 14 dpi, microglial cells are
surrounding motor neurons (*) as well as forming clusters (arrowheads in R and S, T and U). Scale bar (A–L)550 mm. Scale bar (P–S,
V–W)510 mm. Scale bar (T–U)55 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]



Microglial Activation
To assess the effects of astrocyte-targeted IL-10 production on

the activation of microglial cells along the different time-

points (3, 7, 14, 21, and 28 dpi) after FNA, we have ana-

lyzed the staining of Iba1, a commonly used microglial

marker; CD16/32, the Fc gamma Receptor III and Fc

gamma Receptor II expressed by phagocytosing microglia/

macrophages; CD18, a subunit of the integrin MAC-1

expressed on the surface of some leukocytes including macro-

phages and related to cell adhesion; and CD150, Ym-1 and

Arginase-1 as markers of alternatively activated microglia/

macrophages. In addition, staining of the major histocompati-

bility complex II (MHC-II), involved in the process of anti-

gen presentation; and CD39, an ectonucleotidase involved in

the recruitment, activation and polarization of naive T cells

(Dwyer et al., 2007) were analyzed. Due to the lack of differ-

ences between the nonlesioned FN and the contralateral side,

in both WT and GFAP-IL-10Tg mice, all results relative to

microglial activation analysis in the ipsilateral side along the

different time-points after FNA are in reference to the corre-

sponding contralateral side.

Iba1 Staining. In both WT and GFAP-IL-10Tg mice,

staining of Iba1 in the contralateral side of the FN

(Fig. 3A,B) at all studied time-points was observed in rami-

fied microglial cells that were distributed homogenously

throughout all the FN parenchyma without any special inter-

action with either facial motor neurons (FMN) or other glial

cells. Moreover, the number of Iba1 positive cells in the con-

tralateral sides was similar in WT and GFAP-IL-10Tg mice

(Fig. 3O).

After FNA, noticeable changes in the morphology and

density of microglial cells were observed in the ipsilateral FN

of both WT and GFAP-IL-10Tg. At 3 dpi, in both WT and

GFAP-IL-10Tg animals, microglial cells changed their mor-

phology from a resting-ramified appearance to an activated

appearance, i.e., enlarging their cell body, showing retraction

of processes and starting to approach the FMN (Fig.

3C,D,P,Q). At this time-point, a similar increase in Iba1

staining was observed in both groups of animals (Fig. 3M).

Also at this time-point, a 6 fold-increase in the number of

Iba1 positive cells was observed in both WT and GFAP-IL-

10Tg animals (Fig. 3O). At 7 dpi, microglial cells increased

Iba1 staining (Fig. 3E,F,M) and adopted a satellite position

surrounding the soma of FMN with their cell bodies and

processes. At this time-point, quantitative analysis showed

that the number of microglial cells increased 2 fold in both

groups of animals (Fig. 3O). At 14 dpi, FMN were sur-

rounded and completely wrapped by microglial cells but not

appreciable differences were found when comparing both

groups of animals (Fig. 3G-H,R-S). In addition, in both WT

and GFAP-IL-10Tg, it was easy to distinguish the presence of

microglial clusters which were highly stained for Iba1 (Fig.

3T,U). At this time-point, GFAP-IL-10Tg mice showed a

higher number of microglial clusters compared with WT

(Fig. 3N). At 21 dpi, Iba1 staining decreased in both WT

and GFAP-IL-10Tg animals (Fig. 3I,J,M), however, when

compared with the previous time-point, WT mice showed a

slight increase in the number of microglial clusters whereas

GFAP-IL-10Tg experienced a pronounced decrease (Fig. 3N).

No significant changes in microglial distribution were

observed in terms of FMN wrapping. At 28 dpi, a large

decrease in the microglial Iba1 staining was found in both

groups, but did not reach the basal levels observed in the con-

tralateral FN (Fig. 3K,L,V,W). Also, a considerable reduction

in the density of microglia was observed in both groups of

animals when compared with 21 dpi, though, the number of

Iba1 positive cell remained notably higher in GFAP-IL-10Tg

animals (Fig. 3O).

CD18 Staining. In both WT and GFAP-IL-10Tg mice,

CD18 stained microglial cells were observed in the contralat-

eral side of the FN (Fig. 4A,B,N,O). In the ipsilateral side of

both groups of animals, CD18 staining in microglial cells fol-

lowed a similar pattern as described above for Iba1 staining

(Fig. 4C–L,M) with strong CD18 staining in association with

microglial clusters (Fig. 4T,U). GFAP-IL-10Tg mice showed

slightly higher CD18 staining at 3 and 14 dpi when com-

pared with WT (Fig. 4C,D,G,H,P,Q,T,U).

CD16/32 Staining. No CD16/32 staining was detected in

the contralateral side of both groups of animals (Fig. 5A,B).

However, after FNA, CD16/32 staining was observed in the

ipsilateral FN side of both groups of animals as soon as 3 dpi

(Fig. 5C,D,N,O). CD16/32 staining was always found in

relation to microglial cells. A similar temporal staining pat-

tern to that described for Iba1 immunostaining was observed

in terms of CD16/32 positive cell distribution in the lesioned

FN of both WT and GFAP-IL-10Tg mice (Fig. 5C–L).

Moreover, in both groups, microglial clusters showed strong

CD16/32 staining. In the ipsilateral FN of WT, CD16/32

staining increased from 3 dpi, peaked at 14 dpi, and progres-

sively decreased at 21 and 28 dpi (Fig. 5M). In GFAP-IL-

10Tg mice, CD16/32 staining was significantly higher than

WT mice at 3 and 7 dpi (Fig. 5C–F,N–Q) and then drop at

21 dpi, showing lower levels than those observed in WT (Fig.

5I,J,R,S). Notably, in GFAP-IL-10Tg mice but not WT, an

increase in CD16/32 staining was observed at 28 dpi (Fig.

5K,L,M,T,U).

Alternative Activation Markers. In both WT and GFAP-IL-

10Tg mice, CD39 was found in ramified microglial cells as

well as in blood vessels in the contralateral side. After FNA,
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FIGURE 4: CD18 immunohistochemistry. Representative microphotographs corresponding to the contralateral side at 3 dpi (Con; A and
B) and the ipsilateral FN at 3, 7, 14, 21, and 28 dpi (C–L) in WT and GFAP-IL-10Tg mice. (M) Graph showing the time course of CD18
intensity grade (IG) on the ipsilateral FN of WT and GFAP-IL-10Tg mice in comparison with their corresponding contralateral. Note that
at 3 and 14 dpi, CD18 IG is higher in GFAP-IL-10Tg mice (#P<0.069). (N–U) High-magnification photographs showing the morphology
of CD18 positive microglial cells (arrows) in the 3 dpi contralateral (Con) and in the ipsilateral side at 3, 7, and 14 dpi. At 14 dpi, micro-
glial clusters showed strong CD18 staining (arrowheads in T and U). Scale bar (A-L)550 mm. Scale bar (N-U)510 mm. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5: CD16/32 immunohistochemistry. Representative microphotographs corresponding to the contralateral side at 3 dpi (Con; A
and B) and the ipsilateral FN at 3, 7, 14, 21, and 28 dpi (C–L) in WT and GFAP-IL-10Tg mice. (M) Graph showing the time course of
CD16/32 staining on the ipsilateral FN of WT and GFAP-IL-10Tg mice in comparison with their corresponding contralateral (*P<0.05;
**P<0.01). (N–U) High-magnification photographs showing the morphology of CD16/32 positive cells (arrows) in the ipsilateral FN at 3,
7 21, and 28 dpi. Note that at 21 dpi, high CD16/32 staining was found in microglial clusters (arrowheads in R and S). Scale bar
(A–L)550 mm. Scale bar (N–U)510 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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CD39 staining resembles the pattern observed for Iba1, i.e.,

wrapping FMN at early time-points and forming clusters at

14 and 21 dpi (Fig. 6A–D). No marked differences were

observed between the two groups of animals except that the

number of clusters with CD39 positive staining was higher in

the transgenic animals. Besides, CD39 staining in the blood

vessels remained unaltered in both WT and GFAP-IL-10Tg

along all time-points after FNA (Fig. 6A–D).

No staining of CD150, Ym-1 or Arginase-1 was found

in the contralateral side of both WT and GFAP-IL-10Tg.

After FNA, CD150 staining was occasionally found in both

WT and GFAP-IL-10Tg in some ramified microglial-like cells

along all time-points analyzed. At 14 dpi, CD150 expression

was in close relationship to microglial clusters (Fig. 6E,G). No

differences in CD150 distribution were observed between the

two experimental groups. For Ym-1, neither WT nor GFAP-

IL-10Tg mice showed staining in any of the time-points ana-

lyzed (data not shown). Arginase-1 staining was found in both

WT and GFAP-IL-10Tg only at 3 dpi in some poorly rami-

fied microglial-like cells and no differences between the two

groups of animals were observed (Fig. 6F,H).

MHC-II Staining. No MHC-II staining was detected in the

contralateral side of both groups of animals (data not shown).

After FNA, MHC-II staining started to be detectable in the

lesioned FN of both WT and GFAP-IL-10Tg animals at 7

dpi (Fig. 7A,B). Double immunohistochemistry demonstrated

that MHC-II staining always colocalized with Iba1 (Fig. 7J–

Q). At 7 dpi, based on their morphology, MHC-II positive

cells appear to be perivascular macrophages (Fig. 7J–M) and

did not associate with FMN. At 14 dpi, while MHC-II stain-

ing in WT remained similar to that observed at 7 dpi, in

GFAP-IL-10Tg animals, a significant peak of MHC-II stain-

ing was observed at this time-point (Fig. 7C,D,I). At 14 dpi,

in both WT and GFAP-IL-10Tg animals, in addition to peri-

vascular macrophages, MHC-II staining was found in acti-

vated ramified microglial cells forming clusters (Fig.

7C,D,G,H,N,Q). At 21 dpi, although some ramified MHC-

II positive cells were still observed in both groups (Fig.

7E,F), MHC-II staining started a progressive decrease until

28 dpi and no significant differences between WT and

GFAP-IL-10Tg mice were found at these two time-points

(Fig. 7I).

FIGURE 6: Alternative activation markers. (A and B) Representative microphotographs corresponding to the ipsilateral side of the FN
stained with CD39 in WT and GFAP-IL-10Tg mice at 14 dpi. (C and D) High-magnification photographs showing CD39 staining in micro-
glial clusters (arrows) and elongated microglial cells (arrowheads) wrapping FMN at 14 dpi. (E and G) High-magnification photographs
showing faint CD150 staining associated with microglial clusters (arrows) at 14 dpi in both WT (E) and GFAP-IL-10Tg (G). (F and H) High-
magnification photographs showing Arginase-1 (Arg-1) staining at 3 dpi in both WT (F) and GFAP-IL-10Tg (H). Scale bar (A and B)550
mm. Scale bar (C–H)510 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Astrocyte Activation
GFAP staining was used to assess astrocyte activation. Both

WT and GFAP-IL-10Tg mice presented considerably low lev-

els of GFAP expression in the contralateral side of the FN

(Fig. 8A,B). After FNA, in both groups, GFAP staining

intensity started to increase at 3 dpi, reaching a maximum at

14 dpi and remaining elevated until 28 dpi (Fig. 8C–F,G).

No significant differences in either distribution or intensity of

GFAP between WT and GFAP-IL-10Tg mice in any of the

different time-points analyzed were observed.

Lymphocyte Infiltration
To assess lymphocyte infiltration in the axotomized FN, sections

immunolabelled for CD3 were analyzed. No CD3 positive cells

were found in the nonlesioned FN in neither WT nor GFAP-

IL-10Tg animals and in the contralateral side at any of the time-

points studied (data not shown). In the ipsilateral FN of axotom-

ized WT animals, CD3 positive cells started to be seen at 3 dpi

and their number progressively increased until 21 dpi and

remained similar at 28 dpi (Fig. 9A). In GFAP-IL-10Tg mice,

CD3 positive cells were also detected at 3 dpi and increased

reaching a peak at 21 dpi before abruptly falling in number at

28 dpi (Fig. 9A). When compared with the WT, a twofold

increase in the total number of CD3 positive T-cells was found

in GFAP-IL-10Tg mice at 14 and 21 dpi (Fig. 9A–C). As

assessed by triple immunohistochemistry, in both WT and

GFAP-IL-10Tg mice, CD3 positive cells were found in close

relationship to MHC-II positive microglial clusters (Fig. 9D–I).

Neuronal Survival
To determine whether the altered phenotype of microglial cells

and the increased infiltration of CD3 positive T-cells observed

in GFAP-IL-10Tg animals had any effect on motor neuron

survival after FNA, the total number of FMN in both the con-

tralateral and the ipsilateral sides of the entire FN were

counted on sections stained with Toluidine blue (Fig. 10).

Whereas, no differences in neuronal cell number were found

in the contralateral sides of both WT and GFAP-IL-10Tg

mice, a significant decrease in the total number of FMN was

detected in the ipsilateral sides of both groups of animals at 21

dpi (Fig. 10A–D). Notably, neuronal survival was higher in

the ipsilateral FN of GFAP-IL-10Tg, where the percentage of

surviving FMN was 81.496 3.12%, in front to the

65.416 3.16% found in the ipsilateral side of WT (Fig. 10E).

Discussion

Our results showed that after FNA, GFAP-IL-10Tg mice

showed significant changes in the staining of different mole-

cules associated with the microglial activation pattern, such as

FIGURE 7: MHC-II immunohistochemistry. (A–F) Representative microphotographs corresponding to the ipsilateral side of the FN in WT
and GFAP-IL-10Tg mice at 7, 14, and 21 dpi. (G–H) High-magnification photographs showing the characteristic ramified morphology of
MHC-II positive cells found at 14 dpi in WT and GFAP-IL-10Tg mice. (I) Graph showing the quantification of the AI index for MHC-II in
WT and GFAP-IL-10Tg animals along the different time-points after FNA. Note the higher staining of MHC-II found in GFAP-IL-10Tg
mice at 14 dpi (*P<0.05). (J–Q) Double immunohistochemistry combining MHC-II (red) with Iba1 (green). Yellow color indicates co-
localization. Arrows point to the elongated perivascular MHC-II positive cells (J–M) or ramified MHC-II positive/Iba1 positive cells (N–Q)
found in WT and GFAP-IL-10Tg animals at 7 and 14 dpi. Scale bar (A–F)550 mm. Scale bar (G–H, J–Q)510 mm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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CD16/32, CD18 and MHC-II, as well as in the number of

microglial clusters and in microglial cell density. Furthermore,

a higher CD3 positive lymphocyte infiltration was observed

on the axotomized FN of GFAP-IL-10Tg mice. These

changes in microglial activation and lymphocyte recruitment

correlated with a reduced motor neuron death at 21 dpi.

Altogether, our findings suggest that astrocyte-targeted

production of IL-10 in this paradigm exerts a beneficial effect

on neuronal survival and has an impact over microglial and

lymphocyte response after FNA.

Increased Neuronal Survival in GFAP-IL-10Tg Mice
Facial nerve axotomy is a well-established injury paradigm

commonly used for the study of retrograde neuronal

FIGURE 8: GFAP immunohistochemistry. Representative microphotographs corresponding to the contralateral side at 3 dpi (Con; A and
B) and the ipsilateral FN at 3 and 14 dpi (C–F) in WT and GFAP-IL-10Tg mice. (G) Graph showing the time course of GFAP staining on
the ipsilateral FN of WT and GFAP-IL-10Tg mice in comparison with their corresponding contralateral. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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degeneration, neuronal survival and nerve regeneration (Moran

and Graeber, 2004). After nerve transection in mice, most

authors have reported around 20–40% of FMN loss (Ferri

et al., 1998; Sendtner et al., 1996), peaking around 14 days

postaxotomy (Moller et al., 1996), though, it has been reported

that the total number of motor neurons can progressively

decrease until 10 weeks after axotomy (Serpe et al., 2000). In

our study, astrocyte-targeted IL-10 production showed a strong

beneficial effect on neuronal survival. Consistent with our

results, neuroprotective effects promoted by IL-10 administra-

tion have been described after focal stroke (Spera et al., 1998),

excitotoxic (Brewer et al., 1999), or traumatic (Bethea et al.,

1999) spinal cord injury and after peripheral sciatic nerve trans-

ection (Atkins et al., 2007). In agreement with other authors,

(Xin et al., 2011), we found that FMN constitutively express

IL-10R and after FNA, this expression is lower but maintained

along all time-points of this study. Thus, neuroprotective

actions of transgenic IL-10 could be explained by a direct effect

on these motor neurons, either acting as a neurotrophic factor

(Zhou et al., 2009) or preventing neuronal death (Sharma et al.,

2011). In this regard, in our study IL-10 mRNA levels in

GFAP-IL-10Tg mice were significantly higher in the ipsilateral

side than in the corresponding contralateral side at later time-

points. However, as GFAP-IL-10Tg mice presented important

changes in microglial reactivity and lymphocyte infiltration, we

cannot exclude that transgenic expression of IL-10 also exerts an

indirect effect on both cell populations and hence it contributes

to neuroprotective phenomenon we observe. Therefore, we will

discuss these issues below.

Altered Microglial Reactivity in GFAP-IL-10Tg Mice
After FNA
Microglial activation in the FNA paradigm has been exten-

sively studied (Ha et al., 2006; Jinno and Yamada, 2011;

FIGURE 9: CD3 immunohistochemistry. (A) Graph showing the number of CD3 positive cells per section in the parenchyma of the axotom-
ized FN at the different time-points after axotomy. Higher number of CD3 positive cells were observed at 14 and 21 dpi in GFAP-IL-10Tg
mice (**P<0.01, *P<0.05). (B and C) Representative microphotographs showing CD3 positive cells on both groups at 14 dpi. (D–I) Triple
immunohistochemistry combining Iba1 (green), MHC-II (red), and CD3 (blue). Nuclei were stained with DAPI (white). Arrows indicate an Iba1
positive microglial cluster in WT (D–F) and GFAP-IL-10Tg mice (G–I) with numerous DAPI stained nuclei containing MHC-II positive cells (E
and H). Note that CD3 positive cells are close to the microglial cluster (F and I). Scale bar (A and B)520 mm. Scale bar (D–I)525 mm. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Kalla et al., 2001; Schoen et al., 1992). Within a few days

after nerve transection, microglia become activated, proliferate

and migrate, surrounding the axotomized FMN (Svensson

et al., 1994). In these earlier stages, it has been described that

perineuronal microglia or its processes are placed between the

synaptic terminals and the surface of injured FMN, a phe-

nomenon known as “synaptic stripping”, in order to discon-

nect these neurons and allow further axonal regeneration

(Graeber et al., 1993; Kreutzberg, 1996; Perry and O’Con-

nor, 2010). At later stages after axotomy, those FMN that are

not able to regenerate their axon undergo death, leading to

further activation of microglia (Graeber et al., 1993). Around

28 dpi, when the functionality of regenerated FMN has been

recovered, most microglial cells start to adopt a resting-

ramified morphology (Almolda et al., 2014b).

These changes in morphology and distribution of

microglial cells are accompanied by alterations in the level of

a broad range of factors, including increased expression of

cytokines, chemokines, cell adhesion molecules and markers

of microglial activation, such as Iba1, CR3 complement

receptors and MHC I and II (Moran and Graeber, 2004; Rai-

vich et al., 1998b). In the present study, despite the absence

of overt variation in the morphology of the cells or the

amount of Iba1 staining on reactive microglial cells of GFAP-

IL-10Tg animals when compared with WT, there were other

changes in the phenotype of activated microglial cells in these

FIGURE 10: Neuronal survival. (A–D) Representative microphotographs of Toluidine blue staining showing the center of the contralateral
(A and C) and the ipsilateral sides (B and D) of the FN of WT and GFAP-IL-10Tg mice at 21 dpi. (E) Graph showing the quantification of
the total number of FMN in both animal groups at 21 dpi. Neuronal cell number after FNA was significantly lower in the ipsilateral side
(black bars) of both WT and GFAP-IL-10Tg mice when compared with their corresponding contralateral side (white bars). Note that the
number of FMN in the ipsilateral side of GFAP-IL-10Tg mice (1,394641.02) was considerably higher than WT (1115642.74)
(***P<0.0001). Scale bar550 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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transgenic mice that may be closely related to the reduction

in neuronal death.

A majority of these changes occurred during the early

phase of microglial activation, from 3 to 14 dpi, when we

observed an increase in the staining of CD16/32 and CD18

in activated microglial cells of GFAP-IL-10Tg animals, sug-

gesting a more rapid or robust response of these cells prob-

ably due to the increased basal level of IL-10 observed in

these animals. CD16/32 is a molecule extensively related to

phagocytic activity (Indik et al., 1995; Jovanova-Nesic et al.,

2012; Nimmerjahn and Ravetch, 2006), one of the important

features displayed by microglial cells after FNA (Raivich

et al., 1999; Rinaman et al., 1991). Due to the fact that in

some circumstances, phagocytic activity of microglia has been

linked with a beneficial role promoting the regenerative

response (Neumann et al., 2009); together with the increased

FMN survival detected in GFAP-IL-10Tg mice lead us to

speculate that a higher microglial phagocytic activity at early

time-points may support FMN survival.

In addition to changes in CD16/32, a higher staining

of CD18 was found in activated microglia of GFAP-IL-

10Tg mice at 3 and 14 dpi. CD18, an integrin that forms

part of the complement receptor 3 (CR3), has been shown

to be upregulated in microglial cells after FNA in both rats

(Graeber et al., 1988; Moneta et al., 1993) and mice as

early as 1 dpi (Galiano et al., 2001; Kloss et al., 1999)

reaching a peak at 7 dpi, when microglial cells are wrapping

the FMN. It is known that CD18 integrin is implicated in

the adhesion of microglia to the axotomized FMN as well

as to the infiltrated lymphocytes observed in the clusters

(Kloss et al., 1999). It could be expected then, that in

GFAP-IL-10Tg mice increased CD18 in microglial cells will

lead to a stronger adhesion facilitating the phenomenon of

“synaptic stripping” and therefore promoting a higher sur-

vival of FMN. In this regard, expression of this integrin by

activated microglial cells has already been suggested to play

a role in maintaining neuronal survival in this paradigm by

some authors (Makwana et al., 2007). In contrast, it is also

plausible that this increase in CD18 is involved and pro-

motes the formation and preservation of microglial clusters

in GFAP-IL-10Tg animals.

Moreover, our study showed that in either WT or

GFAP-IL-10Tg animals activated microglia after FNA did

not or barely expressed Ym-1, Arginase 1, and CD150, which

are markers usually associated with the so-called alternative

microglia/macrophage activation. However, in contrast, we

observed high expression of CD39, an ectonucleotidase highly

expressed in M2 macrophages. By regulating purine concen-

trations in the extracellular space, CD39 on alternative acti-

vated macrophages can reduce the ATP concentration in the

extracellular environment which in turn can increase the anti-

inflammatory and tissue remodeling activities of these cells

(Csoka et al., 2012).

Altogether, our findings, in agreement with those of

others (Aldskogius, 2011; Walter and Neumann, 2009), sup-

port the idea that microglial activation cannot be exclusively

associated with harmful actions after peripheral nerve injury

but rather it is a multi-faceted event that leads to neuropro-

tection under determined circumstances (Hao et al., 2007;

Lalancette-Hebert et al., 2007).

Microglial proliferation is another important feature in

the evolution of FNA (Svensson et al., 1994). At early stages

after peripheral nerve injury, microglial cells undergo prolifer-

ation (Raivich et al., 1994) and, at later stages after lesion,

activated microglia are gradually eliminated by programmed

cell death (Jones et al., 1997), showing the maximum amount

of death at 14 dpi (Conde and Streit, 2006), to achieve a

steady state of microglial cell numbers. As expected, in our

study the number of microglial cells significantly increased at

3 and 7 dpi on the lesioned FN. We did not find differences

between WT and GFAP-IL-10Tg mice, suggesting that, in

agreement with other studies (Kloss et al., 1997; Sawada

et al., 1999), IL-10 production does not have a direct effect

on microglial proliferation at least in this paradigm. Remark-

ably, at 28 dpi and coinciding with a higher IL-10 mRNA

expression in GFAP-IL-10Tg mice, microglial cell density in

the lesioned FN was notably higher in these animals than in

WT, suggesting that overproduction of IL-10 could be pro-

tecting microglial cells in transgenic animals against pro-

grammed cell death. In this regard, it has been shown that, in
vitro, IL-10 promotes microglial survival (Strle et al., 2002).

Increased Microglial Clustering and Lymphocyte
Infiltration in GFAP-IL-10Tg Mice
One interesting difference found in our study in relation to

the pattern of microglial activation in GFAP-IL-10Tg mice

was the higher number of microglial clusters observed at 14

dpi. Microglial cluster formation has been commonly linked

with phagocytosis of dead neurons (Raivich et al., 1998b),

and some authors have used the number of microglial clusters

as an indirect way to measure motor neuronal death (Petitto

et al., 2003). However, we have shown that in GFAP-IL-6Tg

animals a lower number of microglial clusters correlates with

higher neuronal death (Almolda et al., 2014b). In the current

study, we observed that GFAP-IL-10Tg mice exhibited an

increased number of clusters correlating with less motor neu-

ron cell death, indicating again that microglial cluster forma-

tion does not correlate with increased death of FMN.

Changes in microglial cluster formation together with the

higher CD16/32 and CD18 staining observed at earlier time-

points in GFAP-IL-10Tg mice could be related to faster or

more effective phagocytosis by microglial cells although,
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increased expression of CD39 in microglial clusters may also

be related to an attenuated phagocytosis (Bulavina et al.,

2013). In addition, it is also possible that microglial cluster

formation may have another function rather than simple

phagocytosis of degenerating neurons. Recent studies in mul-

tiple sclerosis showed the presence of microglial cell clusters

in pre-active lesions with high expression of IL-10, suggesting

that they may play a role as regulators of inflammation (van

Horssen et al., 2012). Interestingly, MHC-II staining was

found strictly in the microglial clusters of both groups of ani-

mals, with significantly higher staining in GFAP-IL-10Tg

mice. The fact that GFAP-IL-10Tg animals had an increase

in MHC-II staining was surprising as a down-regulatory

effect of IL-10 on MHC-II expression has been described

(Howard and O’Garra, 1992; Moore et al., 2001). The abil-

ity of activated microglial cells to express MHC-II after FNA

has been widely described (Jones et al., 2005; Kiefer and

Kreutzberg, 1991; Petitto et al., 2003) and linked to their

capacity to interact with infiltrating lymphocytes (Byram

et al., 2004; Olsson et al., 1992). Thus, the higher expression

of this molecule in GFAP-IL-10Tg mice indicated possible

changes in the microglial-lymphocyte cross-talk.

Besides microglial activation, a key event following

FNA in mice is the ability of T-cells to infiltrate the FN

parenchyma and aggregate around axotomized FMN (Raivich

et al., 1998b). Signals involved in lymphocyte recruitment in

this paradigm are poorly described. In this context, ecto-

enzymes and specifically ectonucleotidases are known to play

an important role in leukocyte trafficking. CD39 is an ecto-

nucleotidase associated with microglia, endothelial cells and

Treg lymphocytes whose expression appears to regulate nucle-

otide and nucleoside-mediated signaling of lymphocyte migra-

tion and differentiation (Dwyer et al., 2007). The fact, that

in our study we found expression of CD39 not only in

parenchymal microglia but also in microglial cell clusters,

points to this ectonucleotidase as a putative candidate to

modulate lymphocyte infiltration after FNA. Numerous stud-

ies attributed a neuroprotective role to lymphocyte recruit-

ment in this paradigm since lack of mature T and B cells

leads to an increase in neuronal death after FNA (Serpe et al.,

2000). Moreover, this neurodegeneration was reversed follow-

ing reconstitution of mice with functional T and B cells

(Serpe et al., 1999). In agreement with a putative protective

role, our results showed higher T-lymphocyte infiltration in

the FN parenchyma of GFAP-IL-10Tg animals at 14 and 21

dpi, correlating with an increase in neuronal survival. In both

WT and GFAP-IL-10Tg animals, infiltrated CD3 positive T-

cells were found in close relationship with microglial clusters

FIGURE 11: Schematic representation of the main changes after FNA in WT and GFAP-IL-10Tg mice. Basal conditions (left) in both WT
(top) and GFAP-IL-10Tg mice (bottom) represented in the image showing constitutive expression of IL-10R in the FMN and CD18 and
CD39 in ramified microglial cells. After FNA (right), changes in the expression of these molecules and “de novo” expression are depicted
in their corresponding cells. Also, the differences in the amount of lymphocyte influx to the FN parenchyma are shown. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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where enhanced expression of CD39 was found. As men-

tioned above, MHC-II staining was exclusively found in these

clusters, reinforcing the idea that microglial cells might be

acting as antigen presenting cells in these locations. Among

the different subtypes of T-cells, specifically CD41 Th2 cells

are responsible for the neuroprotective effect in the axotom-

ized FN (Serpe et al., 2003; Xin et al., 2008). IL-10 is known

for its ability to induce the differentiation of CD41 T-cells

toward an immunoregulatory phenotype, the Tr1 cells (Groux

et al., 1997). Whether CD41 Th2 or another regulatory T-

cell subtype are responsible for the neuroprotective effect in

GFAP-IL-10Tg mice, as well as the activation state of these

lymphocytes, need to be elucidated in further studies.

In conclusion, as summarized in Fig. 11, this study

clearly demonstrated that astrocyte-targeted production of IL-

10 induces an increase in neuronal survival that correlates

with changes in the microglial phenotype, density and micro-

glial clustering. This improvement in neuronal survival is also

accompanied by a substantially higher T-cell recruitment to

the axotomized FN. Taken together, our results suggest that

IL-10 production within the CNS can lead to significant

modifications in the pattern of microglial activation and T-

cell infiltration and may exert a beneficial effect on the out-

come of peripheral nerve injury.
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PURINE SIGNALING AND MICROGLIAL
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Gonzàlez
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Abstract. Microglial cells are highly dynamic cells with processes continuously mov-
ing to survey the surrounding territory. Microglia possess a broad variety of surface
receptors and subtle changes in their microenvironment cause microglial cell pro-
cesses to extend, retract, and interact with neuronal synaptic contacts. When the
nervous system is disturbed, microglia activate, proliferate and migrate to sites of in-
jury in response to alert signals. Released nucleotides like ATP and UTP are among
the wide range of molecules promoting microglial activation and guiding their mi-
gration and phagocytic function. The increased concentration of nucleotides in the
extracellular space could be involved in the microglial wrapping found around in-
jured neurons in various pathological conditions, especially after peripheral axotomy.
Microglial wrappings isolate injured neurons from synaptic inputs and facilitate the
molecular dialog between endangered or injured neurons and activated microglia.
Astrocytes too may participate in neuronal ensheathment. Degradation of ATP by
microglial ecto-nucleotidases and the expression of various purine receptors might be
decisive in regulating the function of enwrapping glial cells and in determining the
fate of damaged neurons, which may die or may regenerate their axons and survive.
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2 Purine Signaling and Microglia Wrapping

Table 1. List of abbreviations

ADP Adenosine diphosphate

AMP Adenosine monophosphate

ATP Adenosine triphosphate

CNS Central nervous system

CREB cAMP response element-binding protein

DAMPs Damage associated molecular patterns

DAP12 DNAX activation protein of 12 kDa

EAE Experimental autoimmune encephalomyelitis

ECM Extracellular matrix

ENTPDase Ecto-Nucleotide triphosphate diphosphohydrolase

GABA Gamma-aminobutyric acid

IRF8 Interferon regulatory factor 8

KO Knock-out

LPS Lipopolysaccharide

NMDA N-methyl-D-aspartate

PAMPs Pathogen associated molecular patterns

PPT Perforant path transection

SAMPs Self-associated molecular patterns

TGF Transforming growth factor

TLRs Toll-like receptors

TREM2 Triggering Receptor Expressed on Myeloid cells 2

UDP Uridine diphosphate

UTP Uridine triphosphate
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1 ’Resting’ microglia in the healthy CNS and their interaction
with the microenvironment

The term quiescent or resting microglia, usually used to designate non-activated microglia
in the normal adult central nervous system (CNS), might lead one to think that these cells
are in a dormant state with no apparent movement and function. However, nothing could
be further from the truth. The combined use of in vivo time-lapse transcranial two-photon
microscopy and transgenic mice with green fluorescent protein in resident CNS microglia has
made it possible to see microglia interacting with other cortical elements (Davalos et al. 2005;
Nimmerjahn et al. 2005). Microglial cells are the most dynamic cells in the healthy CNS,
as their morphological changes far exceed those of both neurons (Holtmaat et al. 2008;
Knott and Holtmaat 2008) and astrocytes (Hirrlinger et al. 2004). Thus, in the healthy
brain, microglial cells are continuously remodelling their shape by extending and retracting
their processes, surveying the local microenvironment to scan the surface of the surrounding
cells and the interstitial fluid (Davalos et al. 2005; Nimmerjahn et al. 2005). Under normal
conditions, each microglial cell seems to be responsible for checking its own territory, and its
highly dynamic processes do not overlap or enter in the territory of neighbouring microglial
cells. While the microglial soma and main branches remain stable in the nervous parenchyma,
with few signs of movement and without any clear relationship to other cells or blood
vessels, its motile processes are continuously making direct contacts with nearby neuronal
cell bodies, macroglia and blood vessels (Nimmerjahn et al. 2005; Wake et al. 2009; Tremblay
et al. 2010). Although it might appear at first glance that motility of microglial processes
is random (Nimmerjahn et al. 2005), a wide range of studies indicates that microglial cells
express a broad variety of surface receptors that allows them to sense subtle changes in
the microenvironment (Kierdorf and Prinz 2013). In particular, in the healthy adult brain,
movement of microglial processes seems to be closely related to local concentration of some
neurotransmitters, neuropeptides and neuromodulators (Pocock and Kettenmann 2007).
Although not conclusive, the current data suggest that microglial motility is increased by
global excitatory neurotransmission and decreased by global inhibitory neurotransmission
(Eyo and Wu 2013; Nimmerjahn et al. 2005; Fontainhas et al. 2011).

Furthermore, electron microscopic studies demonstrate that, under normal conditions,
microglial cell processes directly contact presynaptic and postsynaptic elements and have
a special predilection for excitatory synapses (Fig.1) although the existence of microglial
cell interactions with inhibitory synapses under normal physiological conditions remains yet
unknown (Siskova and Tremblay 2013; Perry and O’Connor 2010). Microglial cell processes
contact synapses about once per hour, remain in a close proximity to presynaptic boutons
for 5 min, and then retract (Wake et al. 2009). The interactions between microglia and
synapses depend on neuronal activity and, therefore, the frequency of contact declines with
decreased synaptic transmission (Wake et al. 2009).

2 Signaling mechanisms involved in activation of microglia

Microglia are activated by various changes in their microenvironment caused by acute in-
sults and chronic disease states (Kettenmann et al. 2011; Gonzalez et al. 2014; Chen et al.
2014). Transformation of the finely branched resting microglia into enlarged cells with short
and stout processes is a hallmark of microglial cell activation (Kettenmann et al. 2011). In
addition to morphological changes, microglial activation involves a stereotypical pattern of
changes, including proliferation and migration to sites of injury, increased or de novo expres-
sion of cytokines and growth factors and, in some circumstances, the full transformation into
phagocytes capable of clearing damaged cells and debris (Kettenmann et al. 2011). There is
a wide range of molecules promoting microglial activation that can be classified as two main
types: PAMPs (Pathogen associated molecular patterns) and DAMPs (damage associated
molecular patterns). PAMPs warn of the presence of exogenous material, such as compo-
nents of bacterial cell walls or repeats of bacterial or viral nucleic acids, whereas DAMPs
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warn of internal damage to the cells of the own organism and include molecules released by
injured cells or modified as a consequence of tissue damage, such as oxidized lipoproteins
or fragments of extracellular matrix molecules (Bianchi 2007; Matzinger 2007). Microglial
cells possess a wide range of surface molecules, such as toll-like receptors (TLRs) (Lehnardt
2010), scavenger receptors (Husemann et al. 2002) and numerous cytokine and chemokine
receptors, whose interaction with DAMPs and PAMPs results in a rapid activation of resting
microglia to become motile effector cells (Kierdorf and Prinz 2013).

However, it would be a mistake to think that activation of microglia is a simple event; on
the contrary, it is complex and includes still unidentified signaling mechanisms. In the healthy
CNS, microglia exhibit a deactivated phenotype due to the interaction of inhibitory receptors
(Off receptors) in their plasma membrane, with the corresponding ligands (Self-associated
molecular patterns or SAMPs) located on neurons and glial cells that keep microglia in a
resting or non-activated stage (Biber et al. 2007; Eyo and Wu 2013; Kierdorf and Prinz 2013),
(Fig. 1). Some of the proposed inhibitory receptors in microglia are CX3CR1 and CD200R,
which interact with their respective ligands, CX3CL1 (fractalkine) and CD200 on the surface
of healthy neurons (Chertoff et al. 2013; Eyo and Wu 2013). Another proposed microglial
inhibitory system is CD45/CD22. Recognition of CD22 on the surface of neurons by CD45
on microglia dampens microglial activation (Mott et al. 2004). Moreover, in addition to
displaying membrane bound Off-signals, neurons also release soluble Off-signals into the
extracellular space, such as TGF-, neurotransmitters and neurotrophins including NGF,
BDNF and NT-3 (Biber et al. 2007). If any of these Off-signals are lost, due to changes
in the microenvironment, or are downregulated, as may occur in pathological conditions,
microglial activation is triggered.

Fig. 1. In the healthy normal brain, ramified microglia is a very dynamic cell and their processes
are continuously extending and retracting, monitoring the surface of neurons and having a special
predilection for excitatory synapses. Interaction between inhibitory receptors in microglia with both
specific ligands in the neuronal surface and neuronal released molecules keeps microglia in a non-
activated state. These signals that are expressed constitutively are known as Off-signals.

In contrast to Off-signals, which are expressed constitutively in the healthy adult brain,
On-signals are produced on demand to initiate either a pro- or anti-inflammatory microglial
activation program (Kettenmann et al. 2013) (Fig. 2). Some of the On-signals are the so-
called help-me/find-me molecules (Marin-Teva et al. 2011; Panatier and Robitaille 2012;
Xing et al. 2014). When neurons are overactive, impaired or endangered, they release these
”alert” signals (Noda et al. 2013) which include nucleotides such as ATP and UTP (Sperlagh
and Illes 2007); chemokines such as CCL21 and CXCL10 (Rappert et al. 2004; de Jong et
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al. 2005); cytokines like Interleukin 1 (Cartier et al. 2005); neuropeptides such as bradykinin
(Ifuku et al. 2007), endothelin (Fleisher-Berkovich et al. 2010), galanin (Ifuku et al. 2011)
and neurotensin (Martin et al. 2005); neurotransmitters such as glutamate, adrenaline and
dopamine (Liu et al. 2009; Farber et al. 2005); and cannabinoids (Walter et al. 2003) and
morphine (Takayama and Ueda 2005). In response to help-me/find-me signals, microglia
approach to the source of these molecules and develop either a close surveillance or a phago-
cytic function, depending on the presence of additional signals in the damaged neuron. If the
receptor SIRP-alpha (CD172a) in the membrane of microglia interacts with the ligand CD47
on neurons, a Do-not-eat-me signal is presented to microglia (Biber et al. 2007; Ravichan-
dran 2010). However, if the microglial receptor TREM2 (Triggering Receptor Expressed on
Myeloid cells 2) recognizes its still-unknown-ligand on the surface of the damaged neuron,
this interaction is interpreted as an Eat-me signal and therefore the microglial cell is able
to initiate an intracellular signaling cascade, through the adaptor protein DAP12, leading
to phagocytosis (Linnartz and Neumann 2013). TREM2 expression has been suggested to
regulate not only phagocytic but also the migratory capacity of microglia (Melchior et al.
2010).

3 Migration of microglia is guided by purinergic signaling

Release of danger signals that act as chemoattractants at the site of damage, initiates mi-
croglial activation and stimulates migration. Time-lapse two-photon imaging demonstrates
that, for example, after a small laser ablation in the cerebral cortex, all microglial cells lo-
cated in the surroundings respond within minutes by enlarging and extending their processes
towards the damaged site, converging and forming a spherical shaped containment around
it, but without migration of the somata (Davalos et al. 2005; Nimmerjahn et al. 2005). Quick
extension of microglial processes to the site of injury without significant displacement of the
cell body was previously described using histological sections (Jensen et al. 1994). In this
work we showed that, a few hours after a perforant path transection (PPT), microglial cells
located in the inner zone of the dentate molecular layer polarise and extend their processes
towards and into the denervated PP zone, and it is not until 2-3 days after PPT when mi-
croglial cell bodies move to the denervated PP zone, where they accumulate and proliferate
(Jensen et al. 1994). Therefore, migration of microglial cells is probably a complex process
that involves two stages: a first phase of reconnaissance and damage assessment by microglial
cells processes and, if damage persists and is important enough, a second phase where the
entire cell body migrates. An intense cross-talk, involving the signaling mechanisms referred
in the previous section, between extended microglial processes and damaged neurons and
glial cells, will determine this microglial cell migration.

Purine nucleotides are among the most potent molecules involved in the migration of mi-
croglia. In fact, (Davalos et al. 2005) demonstrated that ATP or ADP microinjection in the
brain parenchyma was able to mimic the rapid chemotactic response of microglial processes
observed following laser ablation. Moreover, lowered ATP extracellular concentration results
in reduced microglial cell process movements, whereas increased ATP gradients stimulate
their motility (Haynes et al. 2006). In the healthy brain, release of ATP to the extracellular
space is a common phenomenon, as this nucleotide and its derivatives act both as primary
transmitter and as co-transmitter released with other neurotransmitters and peptides in
many synapses. The mechanism by which intracellular ATP is released by neurons is a
matter of intense debate (Cisneros-Mejorado et al. 2015), because in addition to being re-
leased by exocytosis, ATP leakage can also take place through large pores and transporters.
Moreover, not only neurons but also glial cells, in particular astrocytes, can release ATP
(Butt 2011; Cisneros-Mejorado et al. 2015). Under pathological conditions when neurons are
overexcited, injured or stressed in acute or chronic neurological disorders, a massive release
of ATP takes place into the extracellular space (Braun et al. 1998; Melani et al. 2005). As
elevated concentrations of extracellular ATP can cause cell death (Matute et al. 2007; Ar-
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beloa et al. 2012), ATP released from endangered or dying cells may aggravate the extent
of the ongoing damage. In addition, increased extracellular levels of ATP may over acti-
vate the P2X7R in neurons and trigger signaling cascades leading to neurodegeneration (Le
Feuvre et al. 2003). The concentrations of ATP, ADP, AMP and adenosine in the extracel-
lular space are regulated by the activity of ecto-nucleotidases that are located in the plasma
membrane of microglia and whose expression is dependent on the development and activa-
tion stage of these cells (Dalmau et al. 1998). One of these ecto-nucleotidases is CD39, also
called Ecto-nucleoside triphosphate diphosphohydrolase 1 (E-NTPDase1), whose expression
in the CNS is restricted to microglial cells and vascular endothelium (Braun et al. 2000).
CD39 plays a main role hydrolysing extracellular nucleoside 5-triphosphates to nucleoside
5-diphosphates (NTPase enzymatic activity), as well as nucleoside 5-diphosphates to nu-
cleoside 5-monophosphates (NDPase enzymatic activity). Nucleoside 5-monophosphates are
further hydrolysed to adenosine by CD73, an ecto-5-nucleotidase also found, among other
cells, in the membrane of microglia (Dalmau et al. 1998; Bulavina et al. 2013). Therefore,
microglial cells could be considered as the cells responsible for the regulation of purinergic
signaling in the CNS as they can control the rate, extent and timing of nucleotide degrada-
tion. On the other hand, we should consider that microglial cells have several types of purine
receptors in on their surface (Ohsawa and Kohsaka 2011) whose interactions with changing
concentrations of extracellular nucleotides and nucleosides (ATP/adenosine balance) may
regulate microglial behaviour, including process extension and retraction, microglial migra-
tion and even phagocytosis.

Purine receptors are divided into P1 (adenosine receptors) and P2 (ATP receptors). Mi-
croglia express the four subtypes of P1 receptors (A1, A3, A2A and A2B) and only some
of the different subtypes of P2 receptors cloned, which are divided into ionotropic (seven
subtypes: P2X1-7) and metabotropic (eight subtypes: P2Y1, -2, -4, -6, -11, -12, -13, and -14)
(Kettenmann et al. 2011). Simultaneous co-stimulation of P1 and P2 receptors seems to be
required for microglial migration (Farber et al. 2008). In particular, microglial process exten-
sion is dependent upon ATP/ADP sensed through microglial P2Y12 receptors (Ohsawa and
Kohsaka 2011), which are constitutively expressed on microglia in normal conditions (Sasaki
et al. 2003) and upregulated when activated (Tozaki-Saitoh et al. 2008). P2Y12 receptors
activate integrin-1, which accumulates in the tips of microglial processes, facilitating the
adhesion of extended microglial processes with the extracellular matrix (ECM), which is a
requisite for subsequent directional microglial migration (Haynes et al. 2006; Kurpius et al.
2007). Further activation of microglia, probably due to continuously elevated levels of ATP
and ADP, or both (Kurpius et al. 2007), leads to upregulation of A2A and P2X4 receptors,
whereas P2Y12 receptors are downregulated (Haynes et al. 2006; Orr et al. 2009). Signalling
through P2X4 receptors enhances migration of microglia. As microglial activation involves
increased expression of the ecto-enzymes CD39 and CD73 (causing ATP/ADP degradation),
the abnormally increased levels of ATP generated by the pathological situation are gradually
reduced, while the adenosine concentration increases and activates A2A receptors. Notably,
adenosine causes retraction of microglial processes (Ohsawa and Kohsaka 2011). Therefore,
gradually increased levels of adenosine may be the basis of microglial transformation from
ramified cells into amoeboid migratory morphologies, usually found in various pathologies.

4 Microglial wrapping and synaptic stripping

It has been widely reported that activated microglia migrate and accumulate near injured
neurons in various pathological conditions. In addition, in certain circumstances, the somata,
proximal dendrites and axons of injured neurons become ensheathed by microglia. Microglial
wrapping of neuronal cell bodies is one of the most prominent features after peripheral
nerve axotomy (Fig. 3). Indeed, the phenomenon of microglial wrapping has been widely
described in various CNS areas in several situations involving peripheral nerve axotomy,
including the facial nucleus (Moran and Graeber 2004), the hypoglossal nucleus (Sumner
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Fig. 2. On signals are produced when neurons are damaged and include Help-me/Find-me, Do-
not-eat-me, and Eat-me signals. Endangered neurons may release a wide range of alert signals
(Help-me/Find-me) including nucleotides that promote microglial activation, process retraction and
migration towards neuronal somata. Microglial wrapping in one hand facilitates contact-dependent
neuron-microglia interactions but also isolates damaged neurons leaking nucleotides. If Do-not-eat-
me signaling predominates phagocytosis are inhibited and neurons are able to survive. If, on the
contrary, Eat-me signaling prevails, an increase in the phagocytic ability of microglia takes place and
damaged neurons are removed. Note the importance of the ecto-enzymes CD39 and CD73 regulating
the levels of nucleotides and nucleosides in the extracellular space around injured neurons.
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and Sutherland 1973; Yamada et al. 2011), the dorsal motor nucleus of the vagus nerve
(Masui et al. 2002), and in the spinal cord after sciatic nerve axotomy (Gehrmann et al.
1991). Also, this phenomenon has been reported in experimental models where peripheral
nerves are not affected such as hippocampal organotypic cultures after an ischemic insult
(Neumann et al. 2006), in the cerebral cortex during either acute focal inflammation (Trapp
et al. 2007) or following intraperitoneal LPS injection (Chen et al. 2012), and in the spinal
cord after experimental autoimmune encephalomyelitis (EAE) induction (Almolda et al.
2009). Microglial wrapping occurs in parallel with a significant reduction of axosomatic
synapses. It was (Blinzinger and Kreutzberg 1968) who first described, following facial nerve
axotomy, the displacement of presynaptic terminals from the injured motor neuron surface by
the interposing of microglial pseudopods and named this phenomenon as synaptic stripping.
Although some authors claim that reactive microglia spread on the surface of motor neurons
to physically disconnect synapses (Moran and Graeber 2004; Yamada et al. 2008), it is
still not totally clear whether synaptic stripping is either the cause or the consequence
of microglial wrapping. As microglial wrapping and synaptic stripping are associated with
motor neuron regeneration, it has usually been considered to be a neuroprotective process
(Kreutzberg 1996). As we will discuss below, recent studies support this neuroprotective view
(Chen et al. 2014), whereas others suggest that microglial wrapping may reduce neuronal
survival (Yamada et al. 2011).

Accumulating evidence indicate that synaptic striping of either inhibitory or excitatory
synapses is beneficial to damaged neurons. Since microglia wrap neuronal cell bodies and
the majority of synapses terminating on projection neuron somata in the cerebral cortex are
GABAergic inhibitory synapses, it has been proposed that inhibitory axosomatic synapses
are preferentially stripped after focal inflammation or peripheral immune challenge (Trapp et
al. 2007; Chen et al. 2012). Evidence of microglia-mediated stripping of inhibitory GABAer-
gic presynaptic terminals from cortical neurons in adult mice has been recently confirmed
by 3D electron microscopy (Chen et al. 2014). Reduced axosomatic GABAergic innervation
protects neurons against noxious insult (Hardingham et al. 2002) by increasing synchroniza-
tion of neuronal firing (Woo and Lu 2006), which is critical for synaptic NMDAR-mediated
neuronal survival through CREB activation and by increasing neuronal expression of anti-
apoptotic and neuroprotective molecules (Hardingham and Bading 2003). However, it is
nowadays clear that microglial wrapping is not always specifically directed to disconnect in-
hibitory synapses because in other locations, such as the facial nucleus in the rat after nerve
axotomy (Raslan et al. 2014) and the spinal cord after either intramedullary axotomy in the
cat (Linda et al. 2000) or sciatic nerve transection in the rat (Arbat-Plana et al. 2015), the
outcome of microglia-mediated synaptic stripping is the preferential disconnection of excita-
tory glutamatergic synapses. Removal of the glutamatergic input to the axotomized motor
neurons is considered relevant for neuronal survival, as glutamate may exert deleterious ex-
citotoxic effects on nerve cells (Mehta et al. 2013). In support of this possibility, blocking
of the NMDA-type glutamate receptor has been reported to increase motor neuron survival
after neonatal axotomy in the rat (Mentis et al. 1993). Even assuming that any changes in
the synaptic input, either inhibitory or excitatory, to the lesioned neurons may reduce their
stress and be beneficial for survival and repair, the question of whether microglia actively
participate in this process or if instead nerve terminals simply retract from the surface of
neurons remains unsolved (Linda et al. 2000). It is generally accepted that synaptic stripping
does not inevitably mean that the disconnected terminals have to be immediately engulfed
by microglia, as they remain in the vicinity of ensheathed neurons and only after axotomized
motor neurons regenerate their axons, synapses are restored (Navarro et al. 2007). However,
some work indicates that, several weeks after nerve transection, restored synaptic inputs are
not normal (Raslan et al. 2014). The usual prevalence of inhibitory over excitatory terminals
seems to be shifted for surviving lesioned motor neurons in various locations (Borke et al.
1995; Linda et al. 2000; Raslan et al. 2014). Although microglia have been suggested to play
a main role in regulating these synaptic rearrangements (Raslan et al. 2014), astrocytes
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might also be involved (Tyzack et al. 2014). In the healthy brain, neurons, including their
synapses, are generally ensheathed by fine processes of astrocytes that participate in the reg-
ulation of synapse formation, stability, and elimination. Coverage of synapses by astrocytic
processes may change under various physiological conditions (Theodosis et al. 2008; Chung
et al. 2013; Perez-Alvarez et al. 2014). Specifically, in the facial nerve of the mouse two weeks
after axotomy, thin lamellar astrocyte processes begin to replace microglial wrapping around
damaged motor neurons, and by 3 weeks they completely cover the neuron soma (Moran and
Graeber 2004). Some authors have suggested that this delayed astrocyte behaviour might
contribute to synaptic remodelling by engulfing some disconnected presynaptic terminals
(Chung et al. 2013) and promoting the rearrangement of synaptic inputs on axotomized
motor neurons (Tyzack et al. 2014).

Fig. 3. Microglial wrapping in the facial nucleus of the mouse after facial nerve axotomy. In the
normal, non-lesioned facial nucleus, microglia stained with different markers including NDPase
histochemistry; an immunohistochemistry against Iba1, CD39 and CD11b (A,C,E,G), appear as
ramified cells (arrows) without any particular association with neuronal motor neuron somata (as-
terisks). After axotomy (B, D, F, H), microglia enwrap motor neuron somata (asterisks). In A-D,
sections are counterstained with toluidine blue. In G and H nuclei are stained in blue with DAPI.
Scale bar=20μm.
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5 Microglial wrapping: detrimental or beneficial

Glial wrapping, whether microglial, astroglial or both, may not only cause deafferentation,
but might also facilitates contact-dependent neuronglia interactions that prevent neuron
death and promote regeneration. After facial nerve axotomy in the mouse, for example,
about 65 per cent of axotomized neurons regenerate axons and survive, whereas 35 per cent
of neurons degenerate. Research in our laboratory performing facial nerve axotomy on trans-
genic mice with astrocyte-targeted expression of either IL6 or IL10 in order to investigate
how the local expression of those cytokines may affect microglial activation, showed that in
addition to changes in the microglial reactivity pattern, there is an altered survival/death
ratio of motor neurons (Almolda et al. 2014; Villacampa et al. 2015). Interestingly, higher
motor neuron survival in IL10 transgenic mice was not associated with significant changes
in microglial wrapping (Villacampa et al . 2015) although increased motor neuronal death
in IL6 transgenic mice coincides with reduced microglial wrapping (Almolda et al. 2014).
Moreover, ongoing studies performed on IRF8 KO mice indicate that incomplete microglial
wrapping of individual axotomized motor neurons correlates with increased motor neuron
death (Xie et al. 2014). In agreement with this, some evidence suggests that defects in
microglia-neuron attachment after facial nerve axotomy, as occurs in microglial cathepsin
deficient mice (Hao et al. 2007) and TGF-b1 deficient animals (Makwana et al. 2007), might
lead to more neuron death. These observations support the hypothesis that the intimate as-
sociation between glial cells and neurons has a neurotrophic rather than neurotoxic function.
The close physical proximity of microglia to injured neurons may facilitate the continuous
supply of growth factors and other required molecules, thus supporting survival and regen-
eration (Trapp et al. 2007).

There is however an opposing view holding the possibility that prolonged contact of
microglial cells with enwrapped neurons is detrimental (Yamada et al. 2011). Some studies
have demonstrated that the survival ratio of injured motor neurons is markedly influenced
by the species and the age of animals used (Kiryu-Seo et al. 2005; Moran and Graeber 2004).
Interestingly, in this context, facial nerve axotomy in neonatal rats and mice kills damaged
motor neurons within a week of lesion. Nevertheless, axotomized motor neurons in adult
rats are able to survive, whereas in adult mice there is a slow and progressive motor neuron
death after lesion (Kiryu-Seo et al. 2005). Some authors have suggested that these differences
among adult rats and mice are due to differences in the ratio of microglial/astroglial wrapping
(Yamada et al. 2011). If the astrocytic wrapping predominates, as found in the rat, some
protective effects are exerted on axotomized motoneurons, whereas if the wrapping is mainly
microglial, as observed in mouse, a slow apoptotic cell death of motor neurons might take
place (Yamada et al. 2011).

Microglial wrapping may be the result of a continuous release or leakage of purine nu-
cleotides that act as find-me signals, (Fig. 2). Neuron ensheathment by activated microglia
expressing ecto-nucleotidases in their plasma membrane effectively isolates damaged neurons
leaking purine nucleotides and contributes to their rapid degradation to adenosine around
neurons. Increasing concentrations of extracellular adenosine may develop a potentially neu-
roprotective function on neurons through P1 adenosine receptors (Stone 2002). In addition,
adenosine can impair the phagocytic function of peripheral macrophages by binding to the
P1 adenosine receptors expressed on their membrane (Hasko et al. 2007). Also, microglial
phagocytosis seems to be regulated by purinergic signaling (Bulavina et al. 2013). It has
been shown that activation of P1 receptors by a non-hydrolysable analog of adenosine de-
creases microglial phagocytosis (Bulavina et al. 2013). In the opposite way, activation of
P2Y12 receptor by ADP, activation of P2Y6 by UDP and activation of P2Y2/P2Y4 recep-
tors by UTP markedly increase microglial phagocytosis both in vitro and in vivo (Koizumi
et al. 2007; Fang et al. 2009). Therefore, the increasing concentration of these nucleotides
around injured neurons may be an eat-me signal for wrapping microglia. In agreement
with this, CD39-deficient animals presented higher microglial phagocytic activity (Bulav-
ina et al. 2013), suggesting that an increased concentration of extracellular ATP/ADP and
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UTP/UDP, due to the lack of CD39 enzymatic activity, leads to a chronic stimulation of
the microglial phagocytic activity. However, other studies indicate that activation of P2X7
receptors by exposure to ATP induced inhibition of microglial phagocytic activity even if
microglia are co-treated with UDP (Fang et al. 2009). Taken together, these observations
suggest that a fine control of the levels of nucleosides and nucleotides in the extracellu-
lar space around injured neurons together with a fine regulation of purine receptors may
be decisive to control phagocytosis and hence in determining the fate of damaged neurons
wrapped by microglia.

6 Concluding remarks

The meaning of microglial wrapping around injured neurons is not completely understood.
Microglial wrapping partially isolates endangered neurons from the adjacent neuropil, lead-
ing to an important deafferentation from synaptic inputs. Besides, the wide area of contact
between microglia and neuronal surfaces enables an intense exchange of molecular signals
between them. Injured neurons circumscribed by microglia may survive or die and their fate
will depend on a plethora of signals. In this scenario, nucleosides and their phosphorylated
nucleotides may play a key role, as they can be involved in regulation of apoptosis, in the
synthesis and release of different trophic factors by astrocytes (Rathbone et al. 1999), in
promotion of axonal growth (Heine et al. 2006), and in modulation of microglial phagocyto-
sis (Inoue 2008). Although programmed neuronal cell death can result from axonal injury,
cell regeneration and axonal outgrowth programs are also activated (Raivich and Makwana
2007; Kiryu-Seo and Kiyama 2011). The putative involvement of microglia and astroglia
in the activation of these regenerative programs are still poorly understood and will be a
challenge for researchers in the coming years.
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Abstract. After an injury to central nervous System (CNS), microglia become ac-
tivated and, among other functions, are engaged in phagocytosis of neuronal debris
in order to initiate repair of tissue damage. Recent evidence points to triggering re-
ceptor expressed on myeloid cells-2 (TREM2) as an important microglial receptor
involved in the phagocytic process. Although the induction of TREM2 in activated
microglia has been demonstrated in many pathological conditions, studies address-
ing TREM2 expression after peripheral nerve injury are not available. In previous
studies, we showed that astrocyte-targeted production of either IL-6 or IL-10 induced
changes in neuronal death after facial nerve axotomy (FNA), linked to important
differences in microglial activation. The objective of the present work is to determine
whether activated microglia express TREM2 after FNA and whether the phagocytic
phenotype of microglial cells is modified by the local expression of IL-6 and IL-10. We
reported an induction of TREM2 expression in microglia throughout the evolution
of FNA and we demonstrated that transgenic production of IL-6 and IL-10 altered
the expression of TREM2, CD16/32 and CD68 in activated microglial cells. In the
case of IL-6, the expression of the three phagocytic markers is induced earlier but
remained higher than WT at later time-points, whereas IL-10, in contrast, induced a
delay in the expression of the three molecules. Our results indicate that local cytokine
microenvironment modifies the phagocytic phenotype of microglial cells after FNA
and point to TREM2 as a key regulator of microglial activation, which play different
roles in addition to phagocytosis.

Keywords: cytokines, neuronal survival, microglia, phagocytosis, neuroinflamma-
tion, DAP12, CD68, facial nerve axotomy, CD16/32

Highlights

– TREM2 is expressed in microglia after FNA, not restricted to phagocytic events
– Both IL-6 and IL-10 production induce changes in TREM2 expression
– The phagocytic phenotype of microglia is modified by IL-6 and IL-10
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Table 1. List of abbreviations

BBB Blood brain barrier

BSA Bovine serum albumin

CNS Central nervous system

CNS Central nervous system

DAP12 DNAX activation protein of 12 kDa

FMN Facial motor neurons

FN Facial nucleus

FNA Facial nerve axotomy

GGQ Grey grade quotient

IG Intensity grade

IgG Immunoglobulin

ITAM Immunoreceptor tyrosine-based activation motif

ITIM Immunoreceptor tyrosine-based inhibition motif

RT Room temperature

TREM2 Triggering Receptor Expressed on Myeloid cells 2

WT Wild-type
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1 Introduction

Microglia are the resident macrophages of the central nervous system (CNS). In the normal
brain, microglia are far from being considered resting cells, but sentinels with very motile
branches that constantly survey their microenvironment (Davalos et al. 2005; Nimmerjahn et
al. 2005; Wake et al. 2009), playing an important role in CNS homeostasis (Tremblay 2011;
Tremblay and Majewska 2011; Kierdorf and Prinz 2013; Linnartz and Neumann 2013). Under
conditions of altered homeostasis, microglia become activated and, as a first line of defense,
display a wide range of functions including cytokine production, antigen presentation and
phagocytosis (Aloisi 2001; Kettenmann et al. 2011; Kettenmann et al. 2013; Napoli and
Neumann 2009).

Phagocytosis and the efficient removal of apoptotic cells along with clearance of tissue
debris at the lesion site are thought to be critical in the reorganization of the neuronal
networking and in the lesion resolution, generating an appropriate microenvironment for
regeneration and repair (Polazzi and Monti 2010; Suzumura 2013; Neumann et al. 2009;
Napoli and Neumann 2009; Nakajima and Kohsaka 2004; Kim and de Vellis 2005). Increasing
evidence indicate the important role played by the signaling through the immunoreceptor
tyrosine-based activation motifs (ITAMs) in the phagocytic process carried out by microglial
cells (Linnartz and Neumann 2013). Among the different receptors associated with this
signaling, the triggering receptor expressed on myeloid cells-2 (TREM2) is one of the most
studied in the last years (Neumann and Takahashi 2007). TREM2 consist of an extracellular
domain, a transmembrane region and a short cytoplasmic tail with no intracellular signaling
motifs and is, therefore, completely dependent on the adaptor protein DNAX-activating
protein of 12kDa (DAP12) to deliver activation signals within the cell (Bouchon et al. 2001;
Lanier and Bakker 2000; Colonna 2003a; Kiialainen et al. 2005).

In the healthy CNS, several studies demonstrated that TREM2 is expressed by microglial
cells in vitro (Schmid et al. 2002; Sessa et al. 2004; Kiialainen et al. 2005) and also by specific
microglial subsets in vivo, during both postnatal brain development (Chertoff et al. 2013;
Thrash et al. 2009) and in the adult (Schmid et al. 2002; Bisht et al. 2016). The role
of TREM2 in modulating microglial activation has been addressed in many CNS diseases
and challenges such as Nasu-Hakola disease (Bianchin et al. 2004; Paloneva et al. 2001),
Alzheimers disease (Jiang et al. 2013; Rohn 2013), frontotemporal dementia (Thelen et al.
2014; Kleinberger et al. 2014), prion disease (Zhu et al. 2015), stroke (Kawabori et al. 2015;
Kawabori et al. 2013; Sieber et al. 2013), cuprizone-induced demyelination (Poliani et al.
2015; Cantoni et al. 2015), amyotrophic lateral sclerosis (Cady et al. 2014), multiple sclerosis
(Piccio et al. 2008) and its animal model experimental autoimmune encephalomyelitis (Piccio
et al. 2007; Takahashi et al. 2007). In some of these pathological situations, TREM2 has
been thought to play a role in the activation of microglia mediating not only their phagocytic
activity but also their migration and survival (Ulland et al. 2016; Zhu et al. 2015; Cantoni
et al. 2015; Kawabori et al. 2015; Poliani et al. 2015; Wang et al. 2015). However, studies
addressing TREM2 expression and its role after peripheral nerve injury are not available.

Mechanical transection of the facial nerve leads to retrograde neuronal degeneration and
a dramatic activation of microglia (Moran and Graeber 2004; Aldskogius 2011), which accu-
mulates around axotomized facial motor neurons (FMN) and phagocytose neuronal debris
(Moller et al. 1996; Raivich et al. 1998). In previous studies using the facial nerve axotomy
model (FNA), we have demonstrated that astrocyte-targeted production of either IL-6 or
IL-10 promotes opposite effects on the neuronal death/survival ratio: the pro-inflammatory
cytokine IL-6 leads to an increased neuronal death (Almolda et al. 2014b); whereas, IL-
10 production increases neuronal survival (Villacampa et al. 2015). In addition, transgenic
expression of the mentioned cytokines resulted in remarkable alterations of the microglial ac-
tivation pattern, suggesting that the interaction between activated microglia and endangered
FMN may determine the outcome of FNA.

In this context, and since the putative roles of cytokines in the regulation of microglial-
neuron interaction are still not well defined, the principal objectives of the present work is to
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determine whether TREM2 is induced in activated microglial cells in response to FNA and
whether the local-cytokine microenvironment influences the phagocytosis-related phenotype
of microglial cells and specifically their pattern of TREM2 expression.

2 Material and Methods

2.1 Animals

For this study, a total of 22 GFAP-IL6Tg animals (Campbell et al. 1993), 22 GFAP-IL10Tg
animals (Almolda et al. 2014a) and 44 C57BL/6 wild-type (WT) littermates of 3 months-old
from both sexes were used. All mice were housed under a 12h light/dark cycle, with food
and water ad libitum. All experimental animal work was conducted according to Spanish
regulations (Ley 32/2007, Real Decreto 1201/2005, Ley 9/2003 and Real Decreto 178/2004)
in agreement with European Union directives (86/609/CEE, 91/628/CEE and 92/65/CEE)
and was approved by the Ethical Committee of the Autonomous University of Barcelona.
Every effort was made to minimize the number of animals used to produce reliable scientific
data, as well as animal suffering and pain.

2.2 Facial nerve axotomy and experimental groups

GFAP-IL6Tg, GFAP-IL10Tg and WT mice were anesthetized with a solution of xylazine
(20mg/kg) and ketamine (80mg/kg) injected intraperitoneally at dose of 0.01ml/g. The
skin behind the right ear was shaved and cleansed with 70% ethanol. A small incision was
made and skin and muscle were gently separated to expose the right facial nerve. One
millimeter of the facial nerve main branch was resected at the level of the stylomastoid
foramen. Following the surgery, the skin was sutured with 5-0 nylon. Corneal dehydration
was prevented by application of Lacri-lube eye ointment. After anesthesia recovery, the
complete whisker paralysis was assessed to ensure correct facial nerve resection.Non-lesioned
and axotomized animals were distributed in different experimental groups and euthanized
at 3, 7, 14, 21 and 28 days post-injury (dpi) for immunohistochemistry.

2.3 Tissue processing for histological analysis

Animals were deeply anaesthetized as described above at dose of 0.015ml/g and perfused
intracardially with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were
removed and post-fixed in the same fixative for 4h at 4C and, after rinsing in phosphate
buffer, cryopreserved for 48h in a 30% sucrose solution and subsequently frozen with 2-
methylbutane solution (Sigma-Aldrich). Parallel free-floating coronal sections (30-m-thick)
of the brainstem containing the facial nucleus (FN) were obtained using a CM3050s Leica
cryostat and were stored at -20C in Olmos antifreeze solution until their late use.

2.4 Single immunohistochemistry

Free-floating cryostat sections were processed for the visualization of TREM2, CD16/32,
CD68 and Iba1. Briefly, after 10 min of endogenous peroxidase blocking with 2% H2O2 in
70% methanol, sections were blocked for 1h in blocking solution containing either 0.2% gela-
tine (powder food grade, 1.04078, Merck) in Tris-buffered saline (TBS, pH 7.4) with 0.3%
Triton X-100 in the case of TREM2 or 10% foetal calf serum and 3% bovine serum albumin
(BSA) in TBS with 1% Triton X-100 in the case of CD16/32, CD68 and Iba1. Subsequently,
sections were incubated overnight at 4C and 1h at room temperature (RT) -in the case of
CD16/32, CD68 and Iba1- or overnight at RT in the case of TREM2- with rat anti-CD16/32
(1:1000; 553142; BD Pharmingen), rat anti-CD68 (1:1000; MCA1957; AbD Serotec), rabbit
anti-Iba1 (1:3000; 019-19741; Wako) or sheep anti-TREM2 (1:300; AF1729; R&D Systems).
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Sections incubated in media lacking the primary antibody were used as negative control and
spleen sections as positive control. After washes with either 0.5% TBS Triton X-100 or 1%
TBS Triton X-100, sections were incubated at RT for 1h with either biotinylated anti-rat
secondary antibody (1:500; BA-4001; Vector Laboratories, Inc; Burlingame, CA), biotiny-
lated anti-rabbit secondary antibody (1:500; BA-1000; Vector Laboratories, Inc; Burlingame,
CA) or biotinylated anti-sheep secondary antibody (1:500; BA-6000; Vector Laboratories,
Inc; Burlingame, CA) diluted in the corresponding blocking solution. For the study of the
blood brain barrier (BBB) integrity, after endogenous peroxidase inhibition and incubation
in blocking solution, sections were incubated for 1h in biotinylated anti-mouse IgG (1:500,
BA-2001; Vector Laboratories, Inc; Burlingame, CA) diluted in the same blocking solution.
After 1h at RT in horseradish streptavidin-peroxidase (1:500; SA-5004; Vector Laboratories,
Inc; Burlingame, CA), the reaction was visualized by incubating the sections with a DAB kit
(SK-4100; Vector Laboratories, Inc; Burlingame, CA) following the manufacturers instruc-
tions. Finally, sections were mounted on gelatin-coated slides, counterstained with toluidine
blue, dehydrated in graded alcohols and, after xylene treatment, coverslipped with DPX.
Sections were analyzed and photographed with a DXM 1200F Nikon digital camera joined
to a Nikon Eclipse 80i microscope.

2.5 Triple immunohistochemistry

For the characterization of cells expressing TREM2, triple-immunolabelings combining: 1)
TREM2, CD16/32 and Iba1; 2) TREM2, CD68 and Iba1 and 3) TREM2, DAP12 and CD11b
were performed. Briefly, free-floating sections were washed with 0.5% TBS Triton X-100 and
incubated in the appropriate blocking solution at RT for 1h followed by 48h incubation at
4C and 1h at 37C with the specific primary antibody combinations: sheep anti-TREM2
(1:300; AF1729; R&D Systems), rat anti-CD68 (1:1000; MCA1957; AbD Serotec), rabbit
anti-Iba1 (1:3000; 019-19741; Wako), rat anti-CD16/32 (1:1000; 553142; BD Pharmingen),
rabbit anti-DAP12 (1:100; AB4070; Millipore) or rat anti-CD11b (1:1000; MCA74GA; AbD
Serotec). After several washes with 0.5% TBS Triton X-100, sections in each combination
were incubated for 1h at RT with the corresponding secondary antibodies: Alexa Fluor 488
conjugated anti-sheep (1:1000, A-11015; Molecular Probes), Alexa Fluor 555 conjugated
anti-rat (1:1000; A31570; Molecular Probes), Cy5-conjugated anti-rabbit (1:1000; PA45004;
Amersham Biosciences), Alexa Fluor 568 conjugated anti-rabbit (1:1000; A10042; Molecular
Probes) or Alexa Fluor 647 conjugated anti-rat (1:1000; A21247; Molecular Probes). Before
being coverslipped with Fluorescence Mounting Medium (S-3023; Dako), triple labeled sec-
tions were nuclei stained with 4,6-diamidino-2-phenylindole (DAPI; 1:10000; D9542; Sigma
Aldrich). Colocalization was analyzed with a Zeiss LSM 700 confocal microscope.

2.6 Brightfield microscopy quantification

Quantitative analysis was performed on sections immunolabeled for CD16/32, CD68 and
TREM2. At least three WT, three GFAP-IL6Tg and three GFAP-IL10Tg animals per time
post-axotomy were analyzed. At least three representative sections from the brainstem con-
taining the central part of the FN from both the contralateral and the ipsilateral sides from
each animal were photographed at 10X magnification. The percentage of area covered by the
immunolabeling and the intensity of the immunoreaction (Mean Grey Value) for each marker
were analyzed using ImageJ software (Wayne Rasband, National Institutes of Health, USA).
For each animal, the grey grade quotient (GGQ) was obtained by dividing the Mean Grey
Value on the ipsilateral side by the Mean Grey Value on the contralateral side. The intensity
grade (IG) was calculated by multiplying the percentage of the immunolabeled area by the
GGQ. In the case of TREM2 and CD68, the IG was expressed as fold of increased compared
to the corresponding WT of each group of transgenic mice to facilitate comprehension. In
order to quantify microglial cell density, sections stained for Iba1 from a minimum of 4 WT
and 4 GFAP-IL6Tg animals at 28 dpi were analyzed. At least 3 representative sections from
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the brainstem containing the central part of the FN from both the contralateral and the
ipsilateral FN were analyzed per animal. Three photographs of each section were taken at
high magnification (40X). The total number of nucleated Iba1-positive cells were performed
on each microphotograph (0.0037mm2 frame) using Cell counter plug-in from NIH Image J
software (Wayne Rasband, National Institutes of Health, USA) and expressed as cells/mm2.

2.7 Statistical analysis

Statistics were performed using Graph Pad Prism software (Graph Pad Software Inc.) and
results were expressed as mean standard error of the mean (SEM). Standard two-tailed
unpaired Students T-test was used for comparison between each group of transgenic mice and
their corresponding WT. Two-way analysis of variance (ANOVA) was used for comparisons
between groups across 3, 7, 14, 21, and 28 dpi and post-hoc Bonferronis Multiple Comparison
Test was applied to compare among groups.

3 Results

3.1 Local production of both IL-6 and IL-10 induces changes in TREM2
expression

As in previous studies we found important differences in microglial activation in both
GFAP-IL6Tg and GFAP-IL10Tg mice that correlated with opposing outcomes of neuronal
death/survival after FNA (Almolda et al. 2014b; Villacampa et al. 2015), we wanted to assess
whether the expression and distribution of TREM2 is also altered in these two transgenic
mice after FNA. In the contralateral side, TREM2 staining was detected around the nucleus
of some microglial cells in WT, GFAP-IL6Tg and GFAP-IL10Tg mice (Fig. 1N-P), whereas
after FNA, TREM2 staining started to be detected in the processes of all ramified microglial
cells as soon as 3 dpi in the three groups of animals (Fig. 1A-C, Q-S) but levels were lower in
GFAP-IL10Tg mice when compared with WT. At 7 dpi, an increase in TREM2 staining was
observed in all experimental groups of animals when compared with the previous time-point
(Fig. 1D-F, M). At this time-point, while no differences between WT and GFAP-IL6Tg mice
were observed, GFAP-IL10Tg mice showed lower levels of TREM2 (Fig. 1M). At this time
point, TREM2+ microglial cells were observed surrounding the cytoplasm of FMN in all
groups. At 14 dpi, when compared to the previous time-point, both WT and GFAP-IL10Tg
mice experienced an increase in TREM2, whereas in GFAP-IL6Tg mice levels remained
similar. However, no differences in TREM2 staining were found when comparing the three
experimental groups at this time point (Fig. 1M). In addition to ramified parenchymal
TREM2+ cells wrapping the FMN, some TREM2+ cells were forming microglial clusters in
all groups. At 21 dpi, no differences between WT and GFAP-IL6Tg or GFAP-IL10Tg mice
were observed, (Fig. 1G-I, M) and, as in the previous time-point, both ramified parenchy-
mal and clustering microglial cells presented strong TREM2 staining (Fig. 1T-V). At the
last time-point analyzed, 28 dpi, both WT and GFAP-IL10Tg showed a marked decreased
in TREM2 staining, which was pronounced in GFAP-IL10Tg; while in GFAP-IL6Tg mice
levels remained similar to those found at 21 dpi and significantly higher than the observed
in their corresponding WT (Fig. 1J-L, M). At this time-point, most TREM2+ microglial
cells adopted a ramified morphology and sparsely formed clusters.

3.2 Increased microglial density in GFAP-IL6Tg mice

As a role in promoting microglial survival has been recently attributed to TREM2 (Wang
et al. 2015), we wanted to assess if the substantial increase in TREM2 expression observed
in the GFAP-IL6Tg mice at 28 dpi correlated with higher number of microglial cells at
this time-point. Our results demonstrated that in the contralateral side of the FN, GFAP-
IL6Tg mice presented a higher microglial density than WT (Figure 2, A-B, E), in agreement
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Fig. 1. TREM2 staining. (A-L) Representative microphotographs from WT, GFAP-IL6Tg and
GFAP-IL10Tg mice corresponding to the ipsilateral FN at 3, 7, 21 and 28 dpi. (M) Graphs showing
the quantification of the IG index for TREM2 of GFAP-IL6Tg (red bars) and GFAP-IL10Tg (green
bars) compared with their corresponding WT (white bars).Note the lower expression of TREM2 in
GFAP-IL10Tg mice compared to WT at early time-points and the higher expression observed in the
GFAP-IL6Tg mice at 28 dpi. (#p≤0.09,*p≤0.05,**p≤0.01). (N-V) Double immunohistochemistry
showing microglial cells expressing TREM2 (green) and CD11b (red). Note that in the contralateral
side, TREM2 is confined around the nucleus of some of the CD11b+ cells (N-P, arrows), whereas at
3 (Q-S) and 21 dpi (T-V) is detected throughout the cytoplasm of CD11b+ cells. Scale bar (A-L)
= 50μm. Scale bar (N-V) =10μm.
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Fig. 2. Microglial density. (A-D) Representative microphotographs corresponding to the con-
tralateral and the ipsilateral FN at 28 dpi in WT and GFAP-IL6Tg. (E) Graph showing the density
of Iba1 positive cells in both the contralateral and the ipsilateral FN. Note that, Iba1 positive cell
density is higher in GFAP-IL6Tg mice when compared to the WT in both the contralateral and
the ipsilateral FN at 28 dpi (*p≤0.05,**p≤0.01). Scale bar (A-D) =10μm.

with previous published results (Almolda et al. 2014b). After 28 dpi, although there is a
remarkable increase in the number of microglial cells in both groups compared with their
contralateral side. GFAP-IL6Tg mice have increased number of microglial cells when com-
pared to WT (Figure 2, C-E).

3.3 Altered microglial phagocytic markers in GFAP-IL6Tg and GFAP-IL10Tg
mice

To assess the effects of astrocyte-targeted IL-6 and IL-10 on the phagocytic function of
microglia along the different time-points after FNA (3, 7, 14, 21 and 28 dpi), the staining
of the Fc gamma Receptor III (CD16) and Fc gamma Receptor II (CD32), linked to the
phagocytic phenotype of microglial cells (Goodridge et al. 2012; Okun et al. 2010; Ulvestad
et al. 1994); and CD68, a lysosomal marker related with phagocytic activity were analyzed
(Travaglione et al. 2002; Holness and Simmons 1993). Our previously published results
demonstrated an altered pattern of CD16/32 expression on microglial cells from GFAP-
IL10Tg mice, with higher levels of CD16/32 at early time-points (3 and 7 dpi) and an abrupt
decrease at 21 dpi, which correlates with a higher neuronal survival (Villacampa et al. 2015).
In the present study, we assessed whether CD16/32 expression was also altered in GFAP-
IL6Tg mice. No CD16/32 staining was detected in the contralateral side of either WT or
GFAP-IL6Tg animals (Fig. 3I). CD16/32 started to be detected at 3 dpi in activated-ramified
microglial cells of the lesioned FN, without differences between WT and GFAP-IL6Tg mice
(Fig. 3A-B, M-N), and slightly increased in a similar way in both groups at 7 dpi. At 14 dpi,
whereas in WT animals CD16/32 remained similar to the previous time-point, GFAP-IL6Tg
experienced a higher increase (Fig. 3C-D, I). In both groups, CD16/32 staining was observed
in both activated parenchymal microglia and clustering microglia (Fig. 3O-P). At 21 dpi,
WT mice maintained high CD16/32 staining with distribution similar to 14 dpi, whereas in
GFAP-IL6Tg animals this staining decreased abruptly in parenchymal microglia and only
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Fig. 3. CD16/32 staining. (A-H) Representative microphotographs corresponding to the ipsilat-
eral FN at 3, 14, 21 and 28 dpi in WT and GFAP-IL6Tg mice. (I) Graph showing the quantification
of the AI index for CD16/32. Note the differences in CD16/32 staining between WT (white bars)
and GFAP-IL6Tg mice (red bars) in the later time-points after FNA.(**p≤0.01,***p≤0.001).(J-O)
High magnification photographs showing the morphology of CD16/32+ cells (arrows) in the ipsi-
lateral FN at 3, 14 and 28 dpi. Note that at 14 dpi, high CD16/32 staining was found in microglial
clusters (O-P, arrowheads). Scale bar (A-H) = 50μm. Scale bar (J-O) =10μm.

few microglial clusters with high CD16/32 expression were observed (Fig. 3E-F, I). At 28 dpi,
while WT mice experienced a pronounced reduction in CD16/32 staining, levels in GFAP-
IL6Tg mice remained similar to the observed in the previous time-point and significantly
higher than in WT(Fig. 3G-H, I). In both groups, at this time-point, staining was found
mainly in parenchymal microglia but not in clusters. While in WT animals CD16/32+
microglia adopted a ramified/deactivated morphology, in GFAP-IL6Tg, activated microglia
remained in contact with FMN, presenting a thickened soma and shorter processes (Fig.
3Q-R). As CD16/32 can be upregulated in the presence of leaked immunoglobulins to the
nervous tissue (Lisi et al. 2011; Takai 2005; Nimmerjahn and Ravetch 2010), we also studied
the integrity of the BBB by detection of mouse immunoglobulin (Ig) G. None of the three
experimental groups presented staining against mouse IgG in neither the contralateral nor
the ipsilateral FN (data not shown).

Due to the differences observed in the phagocytic marker CD16/32 in GFAP-IL6Tg and
GFAP-IL10Tg mice, the next question we addressed was whether the expression of CD68
was also altered in transgenic animals after FNA. Throughout all the contralateral FN of
WT, GFAP-IL6Tg and GFAP-IL10Tg mice, staining of CD68 was restricted to the soma
of microglial cells, but not observed in the cellular ramifications (Fig. 4A-C, M). After
FNA, a progressive increase of CD68 staining was observed in the soma and ramifications
of activated microglial cells in WT, GFAP-IL6Tg and GFAP-IL10Tg mice from 3 dpi to
7 dpi (Fig. 4M). GFAP-IL10Tg presented less CD68 at 3 dpi and 7 dpi when compared
to WT, whereas only at 7 dpi, GFAP-IL6Tg mice had higher expression than WT (Fig.
4D-F, M). At this time-point, CD68+ microglial cells exhibited an activated appearance,
characterized by retracted processes and enlarged cell body, and approached to the FMN,
without significant differences in terms of morphology in none of the groups (Fig. 4N-P).
At 14 and 21 dpi, CD68 staining remained with similar levels to those found at 7 dpi and
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Fig. 4. CD68 staining. (A-L) Representative microphotographs corresponding to the contralat-
eral side (Con) (A-C) and the ipsilateral FN at 7, 21 and 28 dpi (D-L) in WT, GFAP-IL6Tg and
GFAP-IL10Tg mice. (M) Graphs showing the time course of CD68 (IG) on the ipsilateral FN of
GFAP-IL6Tg (red bars) and GFAP-IL10Tg mice (green bars) compared to the WT (white bars).
Note that at 7 dpi and 28 dpi CD68 is higher in GFAP-IL6Tg mice (#p≤0.09,*p≤0.05,**p≤0.01).
(N-T) High magnification photographs showing the morphology of CD68+ cells in the ipsilateral
FN at 7 and 28 dpi. At 28 dpi (Q-T), two different morphologies are noticed: ramified (black arrows)
and rounded (black arrowheads) in all groups. (R) Double immunohistochemistry combining CD68
(red) with Iba1 (green) indicates that rounded CD68 staining (white arrow) is localized around the
microglial nucleus. Scale bar (A-L) =10m. 50μm. Scale bar (N-T) =10μm.
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Fig. 5. TREM2+ cells expressing CD16/32. Triple immunofluorescence combining TREM2
(green), CD16/32 (red) and Iba1 (blue) in WT (A-D), GFAP-IL6Tg (E-H) and GFAP-IL10Tg (I-L)
at 21 dpi. Triple colocalization can be seen in purple in merged images (D,H and L). Note that all
TREM2+ cells co-express Iba1 and CD16/32 in all groups (arrows). Scale bar = 50μm.

detected in both parenchymal and clustering microglial cells, yet, the higher intensity of
CD68 staining was observed within the clusters (Fig. 4G-I). No differences in CD68 staining
were detected among WT, GFAP-IL6Tg and GFAP-IL10Tg mice at these time-points (Fig.
4M). When analyzed at 28 dpi, CD68 staining experienced a decrease when compared with
the two previous time-points in all groups, though, this decrease was more pronounced in
both WT and GFAP-IL10Tg than in GFAP-IL6Tg mice (Fig. 4J-L, M). Also in all groups,
at 28 dpi, CD68 staining showed two different distributions: throughout the cytoplasm of
parenchymal ramified microglial cells and forming small circular shapes (Fig. 4Q, S and T).
Double immunohistochemistry with Iba1 confirmed that this circular CD68+ staining was
confined around the nucleus of ramified microglial cells in all groups (Fig. 4R).

3.4 Characterization of TREM2+ cells

Due to the differences observed in the different markers of phagocytosis, we studied the co-
expression of TREM2 and either CD16/32 or CD68 in Iba1+ microglial cells. In all groups of
animals, TREM2 always colocalized with both Iba1 and CD16/32 (Fig. 5). However, when
co-expression of TREM2 and CD68 was assessed two subpopulations of Iba1+ microglial cells
appeared; one being TREM2+ and less intense for CD68 staining, and the other TREM2+
and CD68high. Remarkably, TREM2+/CD68high cells were found predominantly being part
of the clusters, whereas, TREM2+/CD68low cells appeared to be more ramified and not in
close relationship with microglial clusters (Fig. 6). Those two differentiated subpopulations
were observed in the three groups of animals. With the purpose to analyze the functional
state of TREM2, the expression of its co-receptor DAP12 on microglial cells was studied
along all time-points after FNA by using triple immunohistochemistry of TREM2, DAP12
and CD11b (Fig 7). We found that TREM2 was co-expressed along with DAP12 at all time-
points and in all groups of animals analyzed. Besides, DAP12 staining was more intense in
the time-points where TREM2 staining was elevated and, as observed for TREM2, it was
found in both parenchymal ramified and clustering microglia.
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Fig. 6. TREM2+ cells expressing CD68. Triple immunofluorescence combining TREM2
(green), CD68 (red) and Iba1 (blue) in WT (A-D), GFAP-IL6Tg (E-H) and GFAP-IL10Tg (I-
L) at 21 dpi. Triple colocalization can be seen in purple in merged images (D, H and L). Note that
in all groups there are two subpopulations of TREM2+ cells: TREM2+/CD68high cells (arrows)
and TREM2+/CD68low (arrowheads). Scale bar = 50μm.

4 Discussion

In this study, we demonstrated for the first time that TREM2 expression is increased in
microglia after peripheral nerve injury, showing a progressive upregulation along the different
time-points post-axotomy with the highest level at 21 dpi. In addition, we also demonstrated
that the pattern of expression of TREM2 and other molecules related to the phagocytic
capacity of microglial cells, such as CD16/32 and CD68, are influenced by the local CNS-
production of IL-6 and IL-10. Transgenic production of IL-6 has a higher impact on later
time-points after axotomy, making levels of the mentioned molecules to remain high; whereas
the effects of transgenic production of IL-10 were more evident at early time-points, inducing
lower levels of expression and a delay in the peak of CD68 and TREM2 expression.

4.1 TREM2 is involved in peripheral nerve injury

TREM2 is a receptor found in the membrane of myeloid immune cells such as macrophages,
dendritic cells, osteoclasts and microglia (Colonna 2003b). Under basal conditions, TREM2
expression has been reported in microglial cells both in vitro and in vivo during development
and in the adult (Chertoff et al. 2013; Schmid et al. 2002), showing a highly heterogeneous
distribution across different brain regions (Schmid et al. 2002). In agreement, we observed
a constitutive TREM2 expression in microglial cells of the non-lesioned FN in WT mice.

In CNS homeostatic conditions, TREM2 participate in the constant phagocytic clearance
of cell debris by microglia, without triggering inflammatory responses (Neumann et al. 2009).
Dysfunction of the pair TREM2/DAP12 leads to chronic neurodegenerative Nasu-Hakola
disease (Kiialainen et al. 2005; Paloneva et al. 2001) and some missense TREM2 mutations
increase risk of developing Alzheimers disease (Guerreiro et al. 2013; Jonsson et al. 2013).
Considering the importance of TREM2 for the correct CNS function, it has been commonly
linked with a neuroprotective role. Nonetheless, studies assessing the role of TREM2 after
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Fig. 7. Functional state of TREM2. Triple immunofluorescence combining DAP12 (red),
TREM2 (green) and CD11b (blue) in WT (A and D), GFAP-IL6Tg (B and E) and GFAP-IL10Tg
(C and F) mice at 3 dpi and 21 dpi. Triple colocalization can be seen in purple. Note that all
TREM2+ cells co-express DAP12 and CD11b in all groups. The squares delimit the place of high
magnification photographs. Scale bar = 10μm.

a variety of CNS challenges brought to light some controversy. For example, silencing mi-
croglial TREM2 exacerbated spatial cognitive deficits and tau pathology (Jiang et al. 2015).
Moreover, overexpression of TREM2 rescued the symptoms (Jiang et al. 2016b) in P301S
tau transgenic mice. However, the same group revealed no improvement after TREM2 over-
expression in a mouse model of Alzheimers disease (Jiang et al. 2016a). Likewise, although a
role in dampening inflammation is mainly assigned to TREM2 (Turnbull et al. 2006; Painter
et al. 2015; Lue et al. 2015), TREM2-KO mice had attenuated inflammatory response fol-
lowing stroke (Sieber et al. 2013) and reduced recruited macrophages, concomitant with
decreased production of inflammatory cytokines after TBI (Saber et al. 2016). However,
little is known about the expression of TREM2 after peripheral nerve axotomy.

Our results clearly demonstrated that TREM2 was induced in activated microglial cells
after FNA and it followed a pattern that coincides with the start, the maximum and the
resolution phases of the inflammatory process triggered by axotomy. TREM2 expression
starts at 3 dpi, peaks around 14-21 dpi, coinciding with the maximum number of FMN
death, and decreases at 28 dpi, when surviving neurons engaged axonal regeneration and
microglial activation started to decrease (Raivich et al. 1998; Moran and Graeber 2004). As
FMN undergo quick changes after the mechanical transection of their axon (Aldskogius 2011;
Tetzlaff et al. 2006), it could be expected that an endogenous signal in these damaged FMN
triggered TREM2 increase as soon as 3 dpi. In fact, although its ligand is still undefined,
TREM2 is thought by some authors as a microglial sensor (Wang et al. 2015) that interact
with apoptotic neurons (Hsieh et al. 2009), probably by recognition of a wide amount of
anionic lipids (Wang et al. 2015), such as phosphatidylserine, which are exposed to the
membrane of damaged neurons (Ravichandran et al. 2011; Petitto et al. 2003). In our study,
we found the highest level of TREM2 when peak of neuronal death occurs, and highly
expressed in microglial clusters. Since these microglial formations have been proposed as
places of phagocytosis of neuronal debris after FNA (Raivich et al. 1998; Moran and Graeber
2004), our findings are in agreement with the general view of TREM2 as a receptor that act
as an eat-me signal during phagocytosis (Neumann et al. 2009). Supporting this theory, in
this study we also report a more intense expression of CD16/32 and CD68, molecules mainly
associated with a phagocytic function, in the microglial clusters at these same time-points.
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Importantly, we also showed TREM2 expression in activated microglia along all time-points
after peripheral nerve injury; suggesting that in addition to its role in phagocytosis, TREM2
may have another roles in microglia still not well known. In fact, some authors have proposed
TREM2 as a general molecule of microglial activation (Schmid et al. 2002), playing other
putative functions such as sensor of damage (Wang et al. 2015) and control of both microglial
migration (Takahashi et al. 2005) and survival (Wang et al. 2015).

Even if TREM2 was expressed throughout all the time-points after FNA, its functional
state might varied along the evolution of the lesion. To discard this possibility, we studied
the dynamic of DAP12, an adaptor protein required to trigger TREM2-induced signaling
(Bouchon et al. 2001; Lanier and Bakker 2000; Colonna 2003a; Kiialainen et al. 2005), in
microglia by triple immunolabeling with TREM2 and Iba1. We demonstrated colocalization
of both TREM2 and DAP12 molecules in microglial cells of the axotomized FN in all time-
points analyzed, implying a functionally active TREM2 receptor along the evolution of the
lesion.

4.2 Production of IL-6 and IL-10 influenced microglial phagocytic capacity
and TREM2 expression after FNA

Previous results in our laboratory demonstrated that local production of IL-6 and IL-10
induced important alterations in the pattern of the microglial response associated to FNA,
which correlated with modifications in the survival/death ratio of FMN: GFAP-IL6Tg mice
presented higher FMN death (Almolda et al. 2014b) and GFAP-IL10Tg mice had improved
FMN survival (Villacampa et al. 2015). In the present study, we clearly showed that local
production of IL-6 and IL-10 affected the phagocytic capacity of microglia by changing
the expression pattern of CD16/32, CD68 and TREM2. While GFAP-IL10Tg mice showed
more CD16/32 from 3 to 7 dpi; GFAP-IL6Tg mice experienced a peak in CD16/32 at 14dpi,
preceding the time with higher neuronal death; followed by a drop at 21 dpi. In both animals,
an upturn in the expression of CD16/32 occurred at 28 dpi, when the resolution of the lesion
is expected and a down-regulation of the general microglial activation markers occurs in
WT animals (Almolda et al. 2014b). These results make it difficult to assign an absolute
or harmful role to the expression of CD16/32 after FNA. Thus, to a better description
and understanding of the phagocytic phenotype of microglia, we analyzed the expression of
CD68. In GFAP-IL6Tg, we found alterations at 7 dpi and later time-points after axotomy
suggesting that increased functional phagocytosis is taking place and is sustained by IL-6
over time. In contrast, the effect of transgenic production of IL-10 was more evident at
early time-points, inducing lower levels of CD68 expression. A decrease in CD68 expression
may be related with less presence of cellular debris expected in GFAP-IL10Tg mice since
neuronal survival is promoted.

In our paradigm, we observed that, in the non-lesioned FN, TREM2 staining was similarly
detected around the nucleus of microglial cells of WT, GFAP-IL6Tg and GFAP-IL10Tg. In-
stead, FNA induced a substantial upregulation of microglial TREM2 and DAP12 expression
in all groups. As TREM2 is classically considered as an eat-me signal, our initial hypoth-
esis was that, when compared with WT animals, the group with higher neuronal death,
i.e. GFAP-IL6Tg mice would present an increase in TREM2 expression around 14-21 dpi,
and the group with lower numbers of dying cells, the GFAP-IL10Tg mice, would present a
decrease in the expression of this receptor. However, our results show no modifications of
either TREM2 or DAP12 expression at these time-points in any of the transgenic groups.

One possibility to explain this controversy is that, as discussed before, the function of
TREM2 may not be only related with the phagocytic function but rather have another roles
in the microglial response (Takahashi et al. 2005; Wang et al. 2015). In fact, a role of TREM2
in promoting microglia survival makes sense (Wang et al. 2015), as GFAP-IL6Tg mice have
increased TREM2 expression that correlated with higher microglial density at 28 dpi, time-
point when a significant reduction in microglia numbers by programmed cell death after
FNA is expected (Jones et al. 1997). In addition, considering TREM2 as microglial sensor of
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danger signals in neurons (Wang et al. 2015), the lower expression at early time-points and
the delay in the peak observed in GFAP-IL10Tg animals could mean that FMN presented
less danger signals, as IL10 is able to maintain neuronal survival (Zhou et al. 2009; Sharma
et al. 2011). In the same way, the higher and sustained levels observed in GFAP-IL6Tg at
later time-points would be indicative of a worse evolution of the long-term neuronal death
in these animals.

Another possibility to explain this lack of differences during the maximum peak of neu-
ronal death, is that even though TREM2 and DAP12 are similarly expressed in transgenic
animals and WT, the specific intracellular signaling triggered by this receptor in the three
groups of animals may be different and lead to different outcomes after the lesion. In fact,
although the mechanisms are still unclear, recent evidence suggested that, depending on
the intracellular cascade triggered, TREM2 could have both activating and inhibitory roles
in microglia (Hu et al. 2014). Thus, a consensus immunoreceptor tyrosine-based inhibition
motifs (ITIM)sequence, leading to inhibitory signaling, seems to be embedded in the ITAM
sequence of DAP12 (Barrow and Trowsdale 2006). When this ITIM sequence recruits in-
hibitory phosphatases, like SHIP-1, the attenuation of the activation signal of DAP12 takes
place (Peng et al. 2010) and then the function of TREM2 seems to diminish (Barrow and
Trowsdale 2006; Malik et al. 2015). However, no studies about the co-expression of SHIP-1
phosphatase and TREM2 receptor in activated microglia are available in the literature, mak-
ing difficult to hypothesize whether this intracellular signaling will be involved in this specific
paradigm and whether it will be altered under the influence of a specific anti-inflammatory
or pro-inflammatory milieu.

5 Concluding remarks

In conclusion, this is the first description of TREM2 induction in microglial cells after FNA,
demonstrating its presence along the evolution of the lesion, in correlation with the activation
pattern of microglia, and suggesting their possible role not only in phagocytosis but also
in another functions, such as sensing neuronal damage and regulating microglial survival.
In addition, we showed how local production of IL-10 and IL-6 influence the phagocytic
phenotype of microglia promoting changes in TREM2, CD16/32 and CD68 expression along
the different time-points after FNA. Altogether, our observations indicated that TREM2 is
clearly altered in activated microglial cells in both transgenic mice after FNA, leading us to
postulate that pro- and anti-inflammatory microenvironments may influence the expression
of this eat me signal after a peripheral nerve injury.

Acknowledgments. The authors would like to thank Miguel A. Martil and Isabella Appiah
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