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ABSTRACT 35 

Mutations in the TREM2 gene confer risk for Alzheimer and susceptibility for Parkinson 36 

Disease (PD). We evaluated the effect of TREM2 deletion in a MPTP-induced PD mouse 37 

model, measuring neurodegeneration and microglia activation using a combined in vivo 38 

imaging and post mortem molecular approach.  39 

In wild type (wt) mice, MPTP administration induced a progressive decrease of [11C]FECIT 40 

uptake, culminating at day 7. Neuronal loss was accompanied by an increase of TREM2, IL-41 

1!, and TSPO transcript levels, [11C]PK11195 binding and GFAP staining (from day 2), and 42 

an early and transient increase of TNF-α, Galectin-3 and Iba-1 (from day 1). In TREM2 null 43 

(TREM2-/-) mice, MPTP similarly affected neuron viability and microglial cells, as shown 44 

by the lower level of Iba-1 staining in basal condition, and reduced increment of Iba-1, TNF-45 

α, IL-1β in response to MPTP. Likely to compensate for TREM2 absence, TREM2-/- mice 46 

showed an earlier increment of [11C]PK11195 binding and a significant increase of IL-4. 47 

Taken together, our data demonstrate a central role of TREM2 in the regulation of microglia 48 

response to acute neurotoxic insults, and suggest a potential modulatory role of TSPO in 49 

response to immune system deficit.   50 

 51 
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1. INTRODUCTION 55 

Triggering receptor expressed on myeloid cells 2 (TREM2) is a membrane spanning 56 

receptor belonging to the immunoglobulin and lectin-like superfamily (Bouchon, et al., 57 

2001). TREM2 binds to still unknown ligands and induces association with the 58 

immunoreceptor tyrosine–based activation motif (ITAM) containing adaptor protein 59 

DAP12. The association is followed by recruitment of multiple stimulatory effectors, 60 

including kinases (ZAP70, SYK, PI3K), and phospholipase Cγ. Once assembled, the ITAM-61 

based transduction complex delivers activation signals to the cell, e.g. myeloid cells, 62 

including dendritic cells, which regulate T cell responses and microglia activation. The 63 

complex of TREM2 and its adaptor protein DAP12 is expressed by microglia in both human 64 

and mouse CNS (Piccio, et al., 2008, Schmid, et al., 2002). Although its expression has been 65 

reported also on the cell surface, the bulk of TREM2 is stored in intracellular pools that can 66 

be rapidly translocated to the cell surface (Sessa, et al., 2004).  67 

Under physiological conditions, microglia cells are quiescent and distributed throughout the 68 

central nervous system (CNS). In response to a variety of stimuli such as axonal injury, 69 

ischemia, trauma and neurodegenerative diseases, microglia cells become rapidly activated 70 

Perry, 2010). Whether microglia activation is beneficial or detrimental is still under debate 71 

and may depend on both the environment and the nature of the stimulus (Polazzi and Monti, 72 

2010). Several observations indicate that activation of microglia is involved in the 73 

progression of different neuroinflammatory or neurodegenerative disorders such as multiple 74 

sclerosis (Lassmann, 2007), amyotrophic lateral sclerosis (Henkel, et al., 2009), AIDS 75 

dementia complex (Yadav and Collman, 2009), prion disease (Minghetti and Pocchiari, 76 

2007), Alzheimer’s disease (Naert and Rivest, 2011) and Parkinson’s disease (PD) (Long-77 

Smith, et al., 2009) through the release of a variety of proinflammatory and potentially 78 

neurotoxic substances (Perry, 2010). Nevertheless, activated microglia seems to exert also 79 
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beneficial functions such as the secretion of neurotrophins (Bessis, et al., 2007), the removal 80 

of tissue debris (Napoli and Neumann, 2010), and the promotion of axonal growth (Hynds, 81 

et al., 2004). It remains uncertain, however, what triggers activation of microglia in different 82 

disorders and if the activated form can be targeted to influence the natural prognosis. 83 

Several recent observations underline the role of TREM2 in the protective function of 84 

microglial cells (Painter, et al., 2015,Wang, et al., 2016). Firstly, TREM2 over-expression in 85 

microglia induces cytoskeleton reorganization, augments phagocytosis, and modulates TNF-86 

α, IL-1β and NOS-2 production, suggesting that TREM2 may exert anti-inflammatory 87 

functions (Takahashi, et al., 2005). Secondly, TREM2-transduced myeloid cells, 88 

intravenously injected, ameliorate experimental autoimmune encephalomyelitis (EAE), a 89 

mouse model of multiple sclerosis, by migrating into the inflammatory lesions in the spinal 90 

cord, promoting lysosomal and phagocytic activity, clearing degenerated myelin, and 91 

creating an anti-inflammatory cytokine milieu within the CNS (Takahashi, et al., 2007). 92 

Finally, we have demonstrated that TREM2 is highly expressed in the CNS microglia during 93 

EAE, and that blockade of TREM2 in the active phase of EAE results in disease 94 

exacerbation with more diffuse CNS inflammatory infiltrates and demyelination in the brain 95 

parenchyma (Fenoglio, et al., 2007, Piccio, et al., 2007). Based on these data, we suggested 96 

that TREM2 expression on microglial cells correlates with a specific activated phenotype 97 

that exerts important protective functions such as phagocytosis of dying cell, control of local 98 

inflammation, and promotion of tissue repair. 99 

A direct link between TREM2 dysfunction and neurodegeneration emerged from the studies 100 

in patients with Nasu-Hakola disease (NHD; polycystic lipomembranous osteodysplasia 101 

with sclerosing leukoencephalopathy). NHD is a rare autosomal recessive disorder clinically 102 

characterized by presenile frontal-type dementia and systemic bone cysts, associated with 103 

loss-of-function mutations in TREM2 and DAP12 (Numasawa, et al., 2011,Paloneva, et al., 104 
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2002). The brain pathology observed in NHD patients suggests that disruption of the 105 

TREM2/DAP12 pathway leads to neurodegeneration with a major and early involvement of 106 

the white matter, including loss of myelin and axons. Furthermore, a rare missense mutation 107 

(rs75932628, p.R47H) in the TREM2 gene represents an important risk factor for 108 

Alzheimer’s disease (AD) (Finelli, et al., 2015)  as well as other neurodegenerative disorders 109 

like fronto-temporal dementia and Parkinson’s disease (Rayaprolu, et al., 2013). On the 110 

other hand, deletion of TREM2 gene exacerbates neurodegeneration in different animal 111 

models of AD (Wes, et al., 2016).  112 

Another emerging regulatory target for microglial functions is represented by the 18 kDa 113 

Translocator Protein (TSPO) previously known as peripheral benzodiazepine receptor. 114 

TSPO is only minimally expressed in normal brain parenchyma but its levels rise upon 115 

microglia activation or macrophage infiltration (Winkeler, et al., 2012). These two events 116 

can be extensively visualized in different neurodegenerative, infective or inflammatory 117 

disorders using Positron Emission Tomography (Rayaprolu, et al.) and radiopharmaceuticals 118 

that target TSPO. Although TSPO functional role is still under evaluation, it has been shown 119 

that TSPO-specific ligands exert protective effects against neurotoxic or neuroinflammatory 120 

insults (Choi, et al., 2011, Veiga, et al., 2007). 121 

To evaluate if TREM2 expression could represent a marker of neuronal loss and/or 122 

microglial function in neurodegenerative processes, we analyzed a mouse model of PD 123 

induced by the administration of the neurotoxin 1-methyl 4-phenyl 1,2,3,6-124 

tetrahydropyridine (MPTP) into wild type and TREM2 null mice (TREM2-/-). In these mice, 125 

we evaluated by Positron Emission Tomography (PET) imaging the loss of nigrostriatal 126 

dopaminergic neurons using the radiotracers [11C]FE-CIT and the activation of the microglia 127 

using the TSPO ligand [11C]PK11195, and the inflammatory state by measuring glial 128 

markers and the release of proinflammatory cytokines.  129 
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 130 

2. MATERIALS AND METHODS 131 

2.1 Animals and MPTP-treatment 132 

TREM2-/- mice were generated as described (Turnbull, et al., 2006). TREM2-/- mice and 133 

C57BL/6 control littermates (8-12 weeks of age) received 4 intra-peritoneal (i.p.) injections 134 

at 2 hours intervals of either vehicle (PBS) or MPTP-HCl (20 mg/kg of free base in PBS; 135 

Sigma-Aldrich, Italy). This dose was chosen as it has been shown to be the lowest producing 136 

significant loss of striatal dopamine and dopamine active transporter (DAT) levels with a 137 

concomitant increase in striatal and nigral activated microglia expressing TSPO (Jackson-138 

Lewis and Przedborski, 2007). MPTP handling and safety measures were in accordance with 139 

published guidelines. Radiopharmaceuticals used for ex vivo and in vivo studies were 140 

prepared in our facility as described below. Animal experiments were carried out in 141 

compliance with the institutional guidelines for the care and use of experimental animals 142 

(IACUC), which have been notified to the Italian Ministry of Health and approved by the 143 

Ethics Committee of the San Raffaele Scientific Institute.  144 

2.2 Real Time PCR 145 

One, two or seven days after MPTP intoxication, seven mice per group per time point were 146 

sacrificed, and the striatum, cerebellum and pons were dissected from the brains. An area 147 

corresponding to the ventral midbrain containing the substantia nigra (SN) was also isolated.  148 

Total RNA was extracted from tissue samples with Trizol Reagent (Invitrogen) according to 149 

the manufacturer’s recommendations. After digestion with Dnase RNase-free  (Promega) for 150 

30 minutes at 37°C, RNA was purified by using RNeasy Mini kit (Qiagen). The cDNA 151 

synthesis was performed by using the ThermoScript RT-PCR System (Invitrogen, Italy) and 152 

Random Hexamer (Invitrogen), according to the manufacturer’s instructions in a final 153 

volume of 20 μl. Quantitative real-time PCR analysis was performed using LightCycler 480 154 
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SYBR Green I Master Mix (Roche) on the LightCycler 480 Instrument (Roche) according to 155 

the manufacturer’s PCR parameters. All analyses were performed in triplicate and the 156 

relative amount of the targets were normalized with the housekeeping gene !-actin. The 157 

2−ΔΔCT method was used to calculate the relative changes in gene expression and expressed 158 

as fold change (F.C.) ± SD.  159 

For the first set of qRT-PCR experiments, mouse TREM-2, β-actin (4352341E)VIC, 160 

Galectin-3 (Mm00802901_m1)FAM and TNF" (Mm 00443258)FAM primers were 161 

purchased from Applied Biosystems Italy and used at the recommended dilutions. 162 

For the second set of qRT-PCR experiments, the following specific mouse primers (Sigma 163 

Aldrich) were used:  164 

!-actin: FW: 5' gactcctatgtgggtgacgagg 3'; RV: 5’ catggctggggtgttgaaggtc 3';  165 

Trem2: FW: 5' gcacctccaggaatcaagag 3'; RV:  5’ gggtccagtgaggatctgaa; 166 

Tspo: FW: 5' tcagcggctaccaacct 3'; RV: 5’ caggattcaggcatggtgat 3';  167 

Il-1β: FW:  5' gcccatcctctgtgactcat 3'; RV: 5’ aggccacaggtattttgtcg 3';  168 

Il-4: FW:  5' tcaacccccagctagttgtc 3'; RV: 5’ tgttcttcgttgctgtgagg 3'.  169 

2.3 Immunofluorescence microscopy  170 

In order to estimate microglia activation and reactive gliosis, the expression of ionized 171 

calcium binding adaptor molecule 1 (Iba-1) and of glial fibrillary acidic protein (GFAP) 172 

antigens were evaluated in the brain of TREM2-/- (day 1) or wt (day 1, 2 and 7) mice treated 173 

with PBS (n=3) or MPTP (n=3). Antibodies specific for GFAP and Iba-1 were purchased by 174 

Novus Biologicals (Italy) or Abnova (Germany). Mice were perfused with PBS followed by 175 

4% paraformaldehyde (PFA). Brains were removed, post-fixed in PFA 4% for 16 hrs and 176 

sectioned on a cryostat as 10 µm thick sections after overnight cryo-protection in 20% 177 

sucrose. Sections were permeabilized with 0.1% Triton X-100 for 5 minutes and, after 178 

blocking with 10% FCS plus 1% BSA in PBS for 1h, incubated for 1h at RT with primary 179 
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Iba-1 and GFAP antibodies diluted respectively 1:500 and 1:1000 in PBS and secondary 180 

antibody Alexa fluor 488 (Abcam, UK) diluted 1:500 in PBS. Sections were then visualized 181 

using Confocal Laser Microscope Leica TCS SP8 (Leica Microsystems, Germany). 182 

Confocal images were analyzed counting three fields for each animal (n=3) and positive 183 

cells quantified using InForm software version 2.0 (PerkinElmer, Waltham, MA) and 184 

expressed as % of positive cells on total counted. 185 

2.4 Radiopharmaceuticals in ex vivo and in vivo studies 186 

The integrity of nigrostriatal dopaminergic neurons was evaluated ex vivo and in vivo using 187 

the dopamine transporters radioligand [11C]N-2-fluoroethyl-2-β-carbomethoxy-3-β-(4-188 

iodophenyl)-nortropane ([11C]FECIT). [11C]FECIT as well as other tropane derivatives, have 189 

been widely used for the evaluation of nigrostriatal neurons integrity, not only in patients 190 

with extrapyramidal disorders but also in preclinical model of PD (Halldin, et al., 191 

1996,Lucignani, et al., 2002). Microglia activation was evaluated using the 11C-labelled 192 

isoquinolinecarboxamide PK11195 ([11C]PK11195) a ligand that binds to the 18 kDa 193 

Translocator Protein (TSPO) allowing the in vivo Positron Emission Tomography (Banati, 194 

et al., 2000).  195 

2.5 MPTP effect on [11C]PK11195 to TSPO: time course in WT mice.  196 

A large number of studies have shown that TSPO levels are strongly increased following 197 

brain injury, in association with activation of microglial cells (Casellas, et al., 2002). The 198 

use of PET with the TSPO ligand [11C]PK11195 have been extensively applied for the in 199 

vivo monitoring of microglia activation in brain diseases (Turkheimer, et al., 2015). To 200 

measure microglia activation using emission tomography techniques, on days 1, 2 and 7 201 

after MPTP intoxication or PBS administration, C57BL/6 mice (n= 5 on day 1 and 2 and n= 202 

7 on day 7) were injected in the tail vein with 73.3#24.2 $Ci of [11C]PK11195 (Specific 203 

Activity=1.4#1.0 Ci/$mol at the time of injection). One hour after the tracer injection, 204 
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animals were sacrificed and brain areas (striatum and cerebellum) rapidly collected and 205 

placed in pre-weighed tubes for gamma-counter counting. After decay correction, 206 

radioactivity concentration was calculated as percentage of the injected dose per gram of 207 

tissue (%ID/g).  208 

2.6 MPTP effect on [11C]PK11195 to TSPO: TREM2-/- versus wt mice 209 

One day after MPTP-treatment, TREM2-/- and C57BL/6 mice (four animals per group), and 210 

PBS-treated TREM2-/- and C57BL/6 mice, were injected in the tail vein with 119.3#32.8 211 

$Ci of the radioligand [11C]PK11195 (Specific Activity = 9.0 Ci/$mol at the time of 212 

production). One hour after tracer injection, animals were sacrificed and blood and brains 213 

were processed as mentioned above for the radioactivity concentration determination. 214 

Binding of [11C]PK11195 to peripheral benzodiazepine receptors is usually calculated as a 215 

ratio between target tissue (i.e., TSPO expressing tissue) and a reference region that, in the 216 

case of TSPOs studies, is represented by normal brain parenchyma. However, since it is not 217 

possible to define a priori, among the different sampled brain areas, a region that is surely 218 

devoid of activated microglia, radioactivity concentration (%ID/g) was used to define ligand 219 

binding and to compare the different groups of animals and conditions as for ex vivo 220 

experiments.  221 

2.7 MPTP effect on DAT: time course in wild-type mice  222 

Ex vivo binding of [11C]FECIT was evaluated on day 1, 2 and 7 after MPTP intoxication or 223 

PBS administration in C57BL/6 mice. Animals (n=5 for each time point or treatment group) 224 

were injected in the tail vein with 73#29.2 $Ci of the radioligand [11C]FECIT (Specific 225 

Activity= 1.4#0.2 Ci/$mol at the time of injection) and one hour later, sacrificed under gas 226 

anesthesia. Brains were rapidly removed and the striatum and cerebellum collected and 227 

placed in heparinized pre-weighted tubes for gamma-counting (LKB Compugamma CS 228 

1282). After decay correction, radioactivity concentration was calculated as percentage of 229 
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the injected dose per gram of tissue (%ID/g). DAT availability was calculated as target 230 

region to cerebellum radioactivity concentration ratio. The cerebellum was used as reference 231 

region for the estimation of free, non-displaceable fraction of radioactivity since it contains 232 

negligible amounts of DAT (Laakso, et al., 1998). 233 

2.8 MPTP effect on DAT: TREM2-/-versus wild-type mice  234 

For ex vivo studies, MPTP (n=21) or PBS (n=16) injected TREM2-/- mice, and MPTP (n=8) 235 

or PBS (n=8) injected wt mice, were injected in the tail vein with 64.1#29.3 $Ci of 236 

[11C]FECIT (Specific Activity= 2.2#1.6 Ci/$mol at the time of injection), seven days after 237 

MPTP intoxication. One hour after the injection, animals were sacrificed and processed as 238 

described above. The brain was divided in the two hemispheres: the left part was processed 239 

for the immunohistochemistry or RT-PCR while the right part was dissected in frontal 240 

cortex, striatum and cerebellum. Brain regions and a blood sample were placed in pre-241 

weighed tubes and counted in a gamma-counter. Radioactivity concentration and DAT 242 

availability were calculated as indicated above.  243 

Twelve additional animals (three for each group, i.e., TREM2-/- or wt, and treatment, i.e., 244 

PBS or MPTP group) were evaluated in vivo with [11C]FECIT using a dedicated tomograph 245 

(YAP-(S)PET II, ISE S.r.l., Italy). Mice were anesthetized with 1.7% tribromoethanol 246 

solution (10 $l/g of weight, i.p.) and positioned supine on the animal PET bed, with the 247 

brain centered in the field of view (FOV). The acquisition started 45 min after the injection 248 

of 84.2#35.7 $Ci of the radioligand [11C]FECIT and lasted 30 min (mean acquisition time 249 

60 min post injection). Brain radioactivity concentration was acquired in list mode using the 250 

full axial acceptance angle of the scanner (3D mode) and then reconstructed with the 251 

Expectation Maximization (EM) algorithm (Motta, et al., 2005). After correction for the 252 

isotope half-life and calibration with a dedicated phantom, PET images were co-registered 253 

with 3D-volumetric T2-weighted MRI sequences (Achieva 3T with mouse coil, Philips 254 
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Medical Systems, The Netherlands) obtained for the same animals on a day close to PET 255 

acquisition, using PMOD 2.7 software. Circular ROIs for striatum (area= 5.9 mm2) and 256 

cerebellum (area= 6.7 mm2) were identified on co-registered images and associated 257 

radioactivity was expressed as %ID/g. DAT availability was calculated as indicated for the 258 

ex vivo experiments. 259 

2.9 Statistical analysis 260 

Statistical evaluation of RT-PCR data was carried out by ONE-way ANOVA test or 261 

Student’s t test with Mann Whitney’s correction. Statistical evaluations of [11C]FECIT and 262 

[11C]PK1195 uptakes were carried out by ONE-way ANOVA test with Dunnett’s correction. 263 

Analyses were performed using the Prism V5.0 software (Graph-Pad, San Diego, CA, 264 

USA). Statistical significance was accepted when * p<0,05, ** p<0.01 and *** p<0.001. 265 

 266 

3. RESULTS 267 

3.1 TREM2 transcripts are differentially modulated in different brain regions after 268 

MPTP treatment. 269 

In order to investigate the role of TREM2 in Parkinson’s disease (PD), we used the MPTP 270 

mouse model of neurodegeneration. TREM2 expression was measured by RT-PCR in four 271 

different brain regions of MPTP and PBS-injcted mice on day 1, 2 and 7. In the substantia 272 

nigra (SN), the expression of TREM2 increased slowly reaching the highest level 7 days 273 

after MPTP treatment. In the striatum, MPTP-induced TREM2 up-regulation started on day 274 

1 post-MPTP and reached the highest level on day 2 post-MPTP. In the cerebellum, TREM2 275 

expression was up-regulated on day 1 after MPTP and then decreased to basal levels, while 276 

no significant increase of TREM2 expression was observed in the pons (Figure 1).  277 
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3.2 Microglia displays an activated phenotype upon MPTP treatment. 278 

Once activated, microglia strongly upregulates Iba-1 and Gal-3 expression (Venkatesan, et 279 

al., 2010). At day 1 after MPTP administration, Gal-3 expression was significantly increased 280 

in both SN and striatum, and persisted in the latter until day 2 (Figure 2A). In addition, we 281 

observed a marked increase of both Iba-1 and GFAP immunofluorescence in striatum of 282 

MPTP-treated animals, although with a different kinetics (Figure 2B). Iba-1 fluorescence, 283 

expressed as percentage of positive cells, was maximum on 1 day post-MPTP (p<0,01) and 284 

remained significantly high (p<0,05) even on day 2 (Figure 2C). The presence of reactive 285 

gliosis was confirmed by GFAP staining that was evident starting from day 2 (Figure 2B, 286 

right). Moreover, the microglia in the striatum showed an activated hypertrophic phenotype 287 

at the time of maximal Iba-1 expression (day 1) (Figure 2B), becoming  ramified at later 288 

time points (day 2 and day 7) (Figure 2 B).  289 

Microglial activation was further evaluated by measuring binding of the TSPO radioligand 290 

[11C]PK11195 in those brain regions with the highest expression of TREM2 transcript (SN, 291 

striatum) (Figure 3A). MPTP promoted an increase of radioligand uptake starting from day 292 

2, which was significantly high in the striatum (76,7%, p<0.01) and that remained high 293 

thereafter (65,3%, p<0,01). TSPO transcripts levels were determined in striatum to confirm 294 

[11C]PK11195 uptake data. Differently to Gal-3 and Iba-1 expression that rapidly reverted to 295 

the basal level after MPTP treatment, TSPO mRNA in the striatum increased starting from 296 

day 2 and remained high thereafter (Figure 3B), corroborating [11C]PK11195 uptake results. 297 

These results suggest that the kinetics of TSPO strongly correlates with the modulation of 298 

TREM2 expression (Figure 1). Consistent with an ongoing inflammatory response, at early 299 

times after MPTP, we observed a significant but transient increase in TNF-α mRNA 300 

transcripts in the striatum and to a minor extent in the SN (Figure 3C), and a progressive 301 
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increase of IL-1!. MPTP induced also a slight and progressive increase of IL-4 that peaked 302 

at day 7 (Figure 3D).X 303 

3.3 Lack of TREM2 affects microglia phenotype and modulates TSPO and TNF-304 

"%during MPTP injury. 305 

To test if TREM2 is involved in the modulation of microglia activation in response to the 306 

neurotoxin insult, we evaluated microglia activation in TREM2-/- versus wt mice treated 307 

with MPTP. Immunofluorescence for Iba-1 showed that, only few faintly immunoreactive 308 

microglia cells were present in the striatum of wt and TREM2-/- PBS-injected mice. On day 309 

1 after MPTP treatment, a significant increase of Iba-1 positive cells were observed in both 310 

wt (p>0.001) and TREM2-/- (p<0.05) mice (Figure 4A). Interestingly, in TREM2-/- mice, Iba-311 

1 expression was significantly lower than in wt mice, both at baseline (PBS) and after MPTP 312 

treatment (p<0.05). On the contrary, basal levels of GFAP immunostaining were similar in 313 

wt and TREM2-/- animals, but a significant increase was observed only in wt mice at day 1 314 

post-MPTP treatment. Figure 4B shows a representative immunofluorescence staining of 315 

Iba-1 and GFAP in striatum of wt and TREM2-/- mice after PBS injection or MPTP 316 

treatment (day 1). 317 

Different results were obtained when TSPO expression was analyzed using [11C]PK11195. 318 

On day 1 after MPTP treatment, TREM2-/- mice showed an earlier and stronger significant 319 

increase of radioligand uptake in comparison to wt mice, (see Figure 4C). [11C]PK11195 320 

binding was significantly increased in the striatum (129% increase, p<0.01) and in the SN 321 

(112% increase, p<0.05) of TREM2-/- mice at day 1 after MPTP in comparison to PBS 322 

injected mice, and this increase was paralleled by a reduction of TNF-α and IL-1! 323 

expression (Figure 5A, right and 5B). However, the increase in radioligand binding was not 324 

accompanied by an increase in TSPO transcript expression (Figure 4D). Moreover, RT-PCR 325 

analysis showed that at day 1 after intoxication the expression of Gal-3 in the striatum and 326 
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SN of TREM2-/- mice was comparable to that observed in wt animals (Figure 5A, left). 327 

Finally the basal expression of IL-4 was significantly higher (p<0.05) in TREM2-/- 328 

compared to wt animals (Figure 5B).  329 

3.4 [11C]FECIT studies reveal comparable levels of striatal DAT availability in MPTP-330 

treated TREM2-/- and wt mice.  331 

To evaluate the role of TREM2 on neuronal vulnerability, we compared the effect of MPTP 332 

administration on striatal dopamine transporter (DAT) expression in wt and TREM2-/- mice. 333 

In wt mice, DAT availability, expressed as striatum to cerebellum ratio of [11C]FECIT 334 

uptake, was decreased by 43% at day 1 after MPTP administration (2.58 # 0.48 in controls 335 

vs 1.47 # 0.20 in MPTP-treated animals; p=0.001), and it reached the nadir at day 7 (49%; 336 

1.32 # 0.18; p=0.0004) (Figure 6A). [11C]FECIT uptake remained stable until day 14 (see 337 

Supplementary Figure 1). As expected, [11C]FECIT uptake in the cortex was not affected by 338 

MPTP treatment (see Supplementary Figure 2).  339 

Similar levels of [11C]FECIT uptake in the striatum were found in both wt and TREM2-/- 340 

mice injected with PBS or treated with MPTP (Figure 6B). [11C]FECIT uptake ratios were 341 

2.47 # 0.13 and 2.28 # 0.54 in PBS-injected wt and TREM2-/- mice, respectively. Seven 342 

days after MPTP treatment, these values were reduced to 1.38 # 0.44 in wt (-44%; p< 343 

0.0001) and to 1.34 # 0.15 in TREM2-/- mice (-41%; p< 0.0001). Therefore, DAT activity 344 

loss in the striatum after MPTP treatment was not different in TREM2-/-and wt mice.  345 

These findings were confirmed by in vivo PET studies (Figure 6C). In PBS-injected mice, 346 

[11C]FECIT uptake in striatum was 1.39 # 0.39 in wt and 1.57 # 0.11 in TREM2-/- mice 347 

(Figure 6C, I and III respectively), while in MPTP-treated mice, the uptake was reduced 348 

both in wt (1.16 # 0.03; -21%; p= 0.01) and in TREM2-/- mice (24 #0 .06; -17%; p= 0.1) 349 

(Figure 6C, II and IV respectively). 350 
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 351 

4. DISCUSSION 352 

Although the link between microglia activation and dopaminergic neuronal death is well 353 

established (Block and Hong, 2007), the role of activated microglia in inflammatory 354 

processes and pathogenesis of Parkinson’s disease (PD) is still under investigation (Long-355 

Smith, et al., 2009, Perry, 2010, Sanchez-Guajardo, et al., 2015). Preclinical studies 356 

suggested that microglia activation might contribute to later degeneration of dopamine 357 

neurons starting from the substantia nigra (SN). Damaged neurons activate microglia to 358 

produce neurotoxic factors, which induce surrounding neurons in perpetuating toxicity. 359 

Therefore, the possibility to interfere with the inflammatory events that accompany 360 

neurodegeneration in PD might offer interesting therapeutic options. TREM2 expressed by 361 

microglia is known to modulate the inflammatory response by suppression of microglia-362 

mediated cytokine production and secretion, and by regulation of phagocytic pathways that 363 

clear neuronal debris (Hsieh, et al., 2009, Van Der Putten, et al., 2012). The present study 364 

analyzes the possible correlation of TREM2 with the increased inflammatory state 365 

associated to the development of neurodegenerative diseases, such as PD, by modulating the 366 

activation state of microglia and possibly exerting a beneficial role. In order to investigate 367 

this aspect, we used an experimental animal model in which the death of the nigrostriatal 368 

dopaminergic neurons in the SN is induced by the neurotoxin MPTP (Smeyne and Jackson-369 

Lewis, 2005). This mouse model recapitulates most of the pathological hallmarks of PD, 370 

including loss of dopamine content in the striatum and behavioral deficits. 371 

We and others, have previously suggested that TREM2 expression on microglia and 372 

macrophages in the CNS correlates with a specific cell phenotype that exerts important 373 

protective functions in EAE and animal models of Alzheimer disease, brain ischemia and 374 

aging (Jay, et al., 2015, Kawabori, et al., 2015, Poliani, et al., 2015,). In humans, elevated 375 
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levels of soluble TREM2 were detected in cerebrospinal fluid of multiple sclerosis patients 376 

(Piccio, et al., 2008) and several loss of function mutations in the TREM2 gene are 377 

associated with neurodegenerative disorders like AD, FTD and PD (Finelli, et al., 2015, 378 

Rayaprolu, et al., 2013, Wes, et al., 2016). However, the precise role of microglia in 379 

neurodegenerative and neuroinflammatory disorders, and the modulatory effect exerted by 380 

TREM2 are still debated, although available results indicate that they may have different 381 

functions in different phases of the disease. In the PD model induced by MPTP, microglia 382 

activation is suggested to be driven by neuronal death (Bessis, et al., 2007). 383 

Here we show that TREM2 transcripts are up-regulated primarily in the striatum and SN 384 

after MPTP treatment. Microglia activation is also observed in the same areas, as shown by 385 

increased TSPO ligand binding and transcript levels, and by a fast increase of Iba-1 and Gal-386 

3 expression at day 1 post-MPTP. This was confirmed by immunofluorescence, where Iba-1 387 

positive cells reached the maximum at this time point, corresponding also to the phagocytic 388 

amoeboid state. Indeed, upregulation of Iba-1 and Gal-3 expression follows activation of 389 

microglia after neuroinflammation or brain injury (Venkatesan, et al., 2010). As expected, 390 

increased levels of GFAP were observed only from day 2. It is known that astrocytes 391 

mediate the MPTP-dependent toxicity towards dopaminergic neurons through the 392 

production of the cytotoxic agent MPP+ leading to an increase in GFAP expression, that 393 

occurs after dopaminergic neurons death in striatum and SN (Przedborski, et al., 2000).   394 

TREM2-/- mice showed a lower pro-inflammatory response to MPTP as indicated by the 395 

mild increase in TNF-α and IL-1! compared to wt animals. In addition TREM2-/- mice 396 

presented lower levels of the microglial marker Iba-1 even in the absence of neurotoxic 397 

insults. In line with these findings, TSPO, another marker of an ongoing immune response in 398 

the brain (Casellas, et al., 2002) was differently displayed in absence of TREM2. Indeed, 399 

TREM2-/- mice showed an earlier and stronger response to the neurotoxin in terms of 400 
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[11C]PK11195 binding in comparison to wt animals. On the contrary we failed to observe 401 

any significant differences of GFAP levels in TREM2-/- mice compared to wt, confirming 402 

the selectivity of TREM2 for microglia/monocyte cells. 403 

The exact role of microglia and pro-inflammatory cytokines in the development of MPTP-404 

induced neuronal loss, as well as in other acute neuronal injury conditions, is still debated as 405 

it has been reported to have both a neuroprotective and a lethal influence on neuronal 406 

viability (Sieber, et al., 2013).  407 

Takahashi et al. have shown that microglia with functionally impaired TREM2 expression 408 

have increased gene transcription of inflammatory mediators when compared to apoptotic 409 

neurons, suggesting that TREM2 deficiency causes dysregulation of microglial phagocytosis 410 

and release of inflammatory mediators; these phenotypes are associated with an advanced 411 

loss of cerebral axons and myelin, and the activation of microglia (Takahashi, et al., 2007, 412 

Takahashi, et al., 2005, Wang, et al., 2015). Neuronal death induces microglia activation, 413 

and the activated state per se could in turn cause dopaminergic neuronal death. Thus, to test 414 

if the absence of TREM2 on microglia, and the associated impaired inflammatory 415 

phenotype, could affect dopaminergic neuron survival after MPTP, we quantified the 416 

amplitude of dopaminergic neuron mortality by following DAT expression. DAT is a 417 

protein complex mostly expressed on pre-synaptical dopaminergic nerve terminal that is 418 

reduced in the SN and striatum of patients with PD as well as of MPTP-induced PD mice 419 

(Antonini, et al., 2002). DAT in vivo expression was evaluated with the specific radioligand 420 

[11C]FECIT, previously used to evaluate dopamine nerve terminal status in PD patients 421 

(Antonini, et al., 2002). In the MPTP model, a progressive reduction of DAT levels was 422 

observed in the striatum of wt mice, starting on day 1 after toxin treatment (45% reduction 423 

of [11C]FECIT uptake) and culminating at day 7 (54% reduction). TREM2-/- mice showed a 424 
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similar behavior. Taken together our results indicate that the reduced inflammatory reaction 425 

observed in TREM2-/- mice does not protect against the MPTP induced neuronal injury.  426 

In wt animals, microglia activation measured by TSPO ligand uptake occurred at day 2 after 427 

intoxication and persisted until day 7 along with TREM2 overexpression in the striatum and 428 

SN. On the contrary, dopaminergic neuron death almost reaches its maximum at day 1 after 429 

intoxication, together with an increase of Iba-1, and TNF-α mRNA levels that were not 430 

detectable at day 2 when the increase in [11C]PK11195 binding and TREM2 expression was 431 

maximum.  432 

The different kinetics of neuronal cell death, microglia activation and TREM2 expression 433 

suggest that TREM2 may play a prominent role in the regulation of the brain immune 434 

system following to neuronal death rather than during the early phase of the acute 435 

inflammatory phase triggered by microglia activation. On the other hand, results from our 436 

and other studies suggest a major role of TREM2 in later events of acute neurological insults 437 

or in chronic inflammatory diseases of the CNS rather than in acute neurological insults 438 

phase, where an impairment of cell metabolism leads to simultaneous neuronal cell death 439 

and microglia activation (Sieger and Peri, 2013). 440 

Lack of TREM2 did not modify the total loss of dopaminergic neurons by apoptosis that 441 

followed the acute administration of MPTP but rather promoted a higher and earlier 442 

microglia activation as revealed by [11C]PK11195 uptake studies and a lower release of pro-443 

inflammatory cytokines. Interestingly, the early increase in [11C]PK11195 was not related to 444 

modifications in TSPO mRNA levels, indicating a fast recruitment to the injured areas of 445 

TSPO expressing microglia cells or modifications in binding site conformation. TSPO 446 

ligands are able to modulate the release of pro-inflammatory cytokines like TNF-α and IL-447 

1β from microglia when the activating agent is ATP released from injured neurons (Choi, et 448 

al., 2011, Ydens, et al., 2012). Consequently, the earlier increase of TSPO binding in 449 
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TREM2-/- mice may be explained as a response to the impaired immune reaction during 450 

MPTP-dependent neuronal damage. These results are in line also with data obtained from 451 

Bae et al (Bae, et al., 2014) showing that the over-expression of TSPO resulted in a 452 

significant in vitro reduction in the levels of several pro-inflammatory mediators, including 453 

TNF-α, in microglia cells.  454 

Based on this observation, we postulate that in TREM2-/- mice, the increased [11C]PK11195 455 

binding and the down-regulation of pro-inflammatory mediators production might depict an 456 

adaptive immune response to neuronal damage. However, as recently observed in an 457 

experimental stroke model (Kawabori, et al., 2015, Sieber, et al., 2013), the sub-acute 458 

inflammatory reaction developed in absence of TREM2 does not protect brain tissue from an 459 

acute neuronal injury.  460 

 461 

5. CONCLUSIONS 462 

In conclusion, our results support the prominent role of TREM2 in chronic inflammatory or 463 

neurodegenerative CNS disorders, as EAE or AD, rather than in acute neuronal injury. 464 

However, also in this case TREM2 might control local inflammation as indicated by its 465 

increased expression following a neuronal insult. Indeed, in a neurotoxic model such as that 466 

based on MPTP, acute neuronal death is so strong and abrupt that cannot be controlled by 467 

TREM2 immunomodulatory activity. The reduced levels of pro-inflammatory cytokines and 468 

the earlier increase in TSPO binding observed in TREM2-/- mice, further support the role of 469 

this receptor in the regulation of the immune response during acute neuronal injury. As the 470 

lack of TREM2 expression does not protect from neuronal loss, the role of 471 

neuroinflammation off-switch during acute injury is still questionable.  472 

473 
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 707 

FIGURE LEGENDS 708 

Figure 1. TREM2 regional brain expression in C57BL/6 and MPTP treated mice. RT-709 

PCR analysis of TREM2 expression in the different brain areas of mice treated with MPTP 710 

at day 1, 2 and 7 after intoxication compared to controls (PBS). TREM2 mRNA expression 711 

of 7 mice per time point is reported. All the values were normalized to mouse β-actin and 712 

expressed as fold change (F.C.). ONE-way ANOVA, Dunnett’s correction; * p<0,05; ** 713 

p<0,01 compared to PBS condition. 714 

Figure 2. Nuroinflammation and microglia activation after MPTP treatment. 5 to 7 715 

mice per group were injected with PBS or MPTP and were sacrificed 1, 2 and 7 days after 716 

toxin injection. Striatum and SN, were dissected and processed for RT-PCR analysis or 717 

immunofluorescence staining. (A) RT-PCR analysis of Gal-3 mRNA expression in the 718 

striatum and SN of MPTP-treated mice at days 1, 2 and 7 or PBS injected animals. ONE-719 

way ANOVA, Dunnett’s correction; **p<0,01; ***p<0,001, compared to PBS condition. 720 

(B) Immunofluorescence staining of Iba-1 (a) and GFAP (b) positive cells in striatum of 721 
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PBS and MPTP injected animals after 1, 2 and 7 days. Bar: 200µm; insets: 2x magnification. 722 

(C) Percentage of Iba-1 and GFAP positive cells in striatum of PBS and MPTP injected 723 

animals after 1, 2 and 7 days. Student’s t test, *p<0,05, **p<0,01, ***p<0,001, compared to 724 

the corresponding baseline (PBS) condition. 725 

Figure 3. Microglia activation and expression of pro-inflammatory and phagocytosis 726 

markers after MPTP treatment. 727 

5 to 7 mice per group were injected with PBS or MPTP and were sacrificed 1, 2 and 7 days 728 

after toxin treatment. Striatum and SN were dissected and processed for [11C]PK11195 729 

uptake measure or RT-PCR analysis of inflammation markers. (A) [11C]PK11195 uptake in 730 

the striatum and SN of PBS injected and MPTP treated mice at day 1, 2 and 7. Data are 731 

expressed as percentage of the injected dose per gram of tissue (%ID/g); Student’s t test; 732 

**p<0,01, compared to PBS. (B) RT-PCR analysis of TSPO mRNA in the striatum of PBS 733 

injected or MPTP treated mice at day 1, 2 and 7. Student’s t test; ***p<0,001. (C) RT-PCR 734 

analysis of TNF-α mRNA expression in the striatum (left) and SN (Venkatesan, et al.) of 735 

PBS injected or MPTP treated mice at day 1, 2 and 7. ONE-way ANOVA, Dunnett’s 736 

correction; **p< 0,01, ***p< 0,001. (D) RT-PCR analysis of IL-1β and IL-4 mRNA in the 737 

striatum of PBS injected or MPTP treated mice at day 1, 2 and 7. Student’s t test; *p<0,5 738 

and ***p<0,001. IL-4 expression increased at 7 days post-MPTP; Student’s test; **p<0,01. 739 

Figure 4. Microglia activation in TREM2-/- and wt mice at day 1 after MPTP injection. 740 

Three mice per group were injected with PBS or MPTP and sacrificed 1 day after toxin 741 

treatment. Striatum was dissected and processed for immunofluorescence staining, 742 

[11C]PK11195 uptake measure or TSPO RT-PCR analysis. (A) Percentage of Iba-1 and 743 

GFAP positive cells in striatum of wt and TREM2-/- mice after PBS or MPTP injection (1 744 

day); Student’s t test, *p<0,05, **p<0,01. (B) Immunofluorescence staining of Iba-1 (a) and 745 

GFAP (b) positive cells in striatum of PBS and MPTP injected animals after 1 day. Bar: 400 746 
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µm. (C) [11C]PK11195 uptake in striatum and SN of wt and TREM2-/- mice, at day 1 after 747 

PBS or MPTP treatment. [11C]PK11195 uptake was increased in TREM2-/- MPTP-treated 748 

mice versus both TREM2-/--untreated and wt MPTP-treated mice in striatum and SN; 749 

Student’s t test; *p<0,05, **p<0,01 compared to TREM2-/- PBS and #p<0,05 between wt 750 

MPTP and TREM2-/- MPTP. (D) RT-PCR analysis of TSPO mRNA in the striatum of PBS 751 

injected or MPTP treated mice at day 1. Student’s t test.   752 

Figure 5. Expression of pro-inflammatory and phagocytosis markers in TREM2-/- and 753 

wt mice at day 1 after MPTP injection. 754 

Three or 6-7 mice per group were injected with PBS or MPTP and sacrificed 1 day after 755 

toxin treatment. Striatum and substantia nigra were dissected and processed for RT-PCR 756 

analysis inflammation markers. (A) Gal-3 and TNF-" mRNA expression was measured by 757 

RT-PCR analysis in PBS or MPTP injected wild type (wt) and TREM2-/- mice (6-7 mice per 758 

group) at 1 day after MPTP. All values were normalized to !-actin mRNA expression. 759 

Student’s t test, Mann Whitney’s correction; ***p<0.001. (B) RT-PCR analysis of IL-1β and 760 

IL-4 mRNA in the striatum of PBS injected or MPTP treated mice (3 mice per group) at day 761 

1. Student’s t test; *p<0,05 and ***p<0,001. IL-4 expression was at baseline lower in 762 

TREM2-/- compared to wt; Student’s test; *p<0,05. 763 

Figure 6: DAT radioligand [11C]FECIT uptake in wild type and TREM2-/- mice. Four to 764 

twenty-one mice per group were injected with PBS or MPTP and sacrificed 1, 2 and 7 days 765 

after toxin treatment for ex vivo and in vivo evaluation of dopamine transporter (DAT). (A) 766 

Ex vivo [11C]FECIT binding in striatum of PBS (four mice) and MPTP-injected C57BL/6 767 

mice (five mice per time point) at 1, 2 and 7 days after treatment. Data are expressed as ratio 768 

between radioactivity concentration in striatum and cerebellum. Student’s t test; **p<0,01 769 

and ***p<0,001 compared to PBS. (B) Summary of [11C]FECIT binding values of wild type 770 

(n= 16) and TREM2-/- mice (n= 21). [11C]FECIT uptake is represented as the ratio between 771 
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the uptake level in the striatum and the cerebellum of PBS or MPTP injected wild type 772 

(black bars) and TREM2-/- (gray bars) mice, 7 days post-treatment. Student’s t test; 773 

**p<0,01 compared to the corresponding PBS. (C) In vivo brain imaging of [11C]FECIT 774 

uptake of PBS or MPTP injected wt (I and II, respectively) and TREM2-/- (III and IV, 775 

respectively) mice. Images represent the coronal view taken at the level of striatum (arrows). 776 

Correspondent MRI images and superimposed striatal ROIs are presented in panel V (top, 777 

coronal and bottom, axial).  778 
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