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Milan, October 2015 

ROLE OF THE NEW GPR17 RECEPTOR IN THE REPARATIVE 

PROCESSES AFTER ISCHEMIA 

 

Background 

Stroke is the 2nd most common cause of death in the European Union and a leading cause of 

disability (Wittchen et al., 2011) for which there are currently no effective therapies. The recent 

discovery that quiescent multipotent neural precursor cells are dispersed throughout the entire adult 

cerebral parenchyma has raised the hypothesis that approaches aimed at implementing endogenous 

neurogenesis and gliogenesis may be beneficial in stroke (Li et al., 2010; Zhang et al., 2013). In 

particular, Oligodendrocyte Precursor Cells (OPCs) are activated in the peripheral area of the 

ischemic “core” and spontaneously differentiate into mature oligodendrocytes (OL), the myelin-

repairing cells, thus helping re-establishing cell-to-cell communication within the lesioned area and 

favoring functional recovery (Li et al., 2009). Unfortunately, this process is “per se” normally 

insufficient to allow complete recovery.  

In this respect, our laboratory has characterized a new P2Y-like receptor, GPR17. This receptor 

responds to uracil nucleotides and cysteinyl-leukotrienes, (Ciana et al., 2006), is highly expressed 

by a subset of OPCs (Fumagalli et al., 2011) and actively contributes to OPC-mediated post 

ischemic reparative processes (Lecca et al., 2008). In detail, GPR17+-OPCs have been found to 

proliferate in the peri-lesion area and to differentiate into mature OLs (Lecca et al., 2008). 

However, GPR17 contribution to lesion repair and neurological recovery after MCAo and the 

possibility to exploit this receptor for the pharmacological implementation of stroke repair remains 

unexplored. 

Our previous in vitro data also demonstrated that GPR17 activation by its endogenous ligands 

(UDP-glucose or LTD4) promotes OPC maturation while its inhibition by either receptor 

antagonists (cangrelor or montelukast) (Ciana et al., 2006; Lecca et al., 2008) or specific silencing 

RNAs markedly impairs OPC differentiation (Fumagalli et al., 2011). However, none of these 

ligands is selective for GPR17 and, therefore, suitable for in vivo administration. To overcome this 

limitation, through an in silico screening performed in collaboration with Prof. Ivano Eberini at our 

Department, we have recently identified new GPR17 ligands (Eberini et al., 2011). 

Based on these findings, during the first six months of the SIF-MSD fellowship, we completed 

the studies aiming at assessing the effects of one Asinex compound on OPC differentiation and 

myelination. Moreover, to elucidate the role of GPR17 in orchestrating the local remodelling/repair 

response following ischemic insult, we induced stroke by permanent middle cerebral artery 

occlusion (pMCAO) in GPR17iCreERT2:CAG-eGFP transgenic mouse line. In these mice, upon 

tamoxifen administration, the enhanced Green Fluorescence Protein (eGFP) is expressed in OPCs in 

which the Gpr17 promoter is active, without affecting the physiological expression and function of 

the receptor. In this way, all GPR17+ cells can be traced by fluorescence microscopy throughout 

animal’s life (Viganò et al., 2015).    

 

Methods 

Oligodendrocyte precursor cell cultures 

Primary OPCs were isolated from mixed glial cultures prepared from postnatal day 2 Sprague-

Dawley rat cortex by shaking cells on an orbital shaker at 200 rpm, as previously described 

(Fumagalli et al., 2015; Fumagalli et al., 2011). OPCs were then collected and separated from 

microglia by incubation for 1 h on an uncoated Petri dish. Purified OPCs were seeded onto poly-
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D,L-ornithine-coated glass coverlisps or plates to a specific density according to the planned 

experiments (see below), in Neurobasal with 2% B27, 2 mM L-glutamine, 10 ng/mL human 

platelet-derived growth factor BB, and 10 ng/mL human basic fibroblast growth factor, to promote 

proliferation. After 2 day, cells were switched to a Neurobasal medium lacking growth factors to 

allow differentiation. In some experiments triiodothyronine T3 was also added to a final 

concentration of 10 ng/mL.  

Myelinating co-cultures  

DRG-OPC co-cultures were prepared according to a previously described protocol (Fumagalli et 

al., 2015). Briefly, DRG from E14.5 mouse embryos were plucked off from spinal cord, put in 

culture (1 DRG/coverslip) in Neurobasal supplemented with B27 in the presence of NGF (100 

ng/ml) and cycled with 10 μM fluorodeoxyuridine, to eliminate all non-neuronal cells. After 20 

days, when neurites were well extended radially from DRG explants, 35,000 OPCs were added to 

each DRG in culture and kept in MEM supplemented with glucose (4 g/L), 10% FBS and 2 mM L-

glutamine. Myelination was induced the following day by the addition of recombinant chimeric 

TrkA-Fc (1 μg/ml) to the culture medium.  

Immunocytochemistry 

Both primary OPCs and OPC-DRG co-cultures were fixed at room temperature with 4% 

paraformaldehyde in 0.1 M PBS containing 0.12 M sucrose. Labelling was performed incubating 

cells overnight at 4°C with the following primary antibodies in Goat Serum Dilution Buffer 

(GSDB; 450 mM NaCl, 20 mM sodium phosphate buffer, pH 7.4, 15% goat serum, 0.3% Triton X-

100): rat anti-MBP, mouse anti- SMI 31 and mouse anti SMI 32. Cells were then incubated for 1 h 

at RT with the secondary goat anti-rat, goat anti-rabbit, or goat anti-mouse antibody conjugated to 

Alexa Fluor 555 or Alexa Fluor 488. Nuclei were labelled with Hoechst 33258. Coverslips were 

finally mounted with a fluorescent mounting medium and analyzed under a fluorescence or 

confocal microscope. For cell count, 20 fields were acquired at 20X magnification (at least three 

coverslips for each experimental condition) under an inverted fluorescence microscope connected to 

a PC computer equipped with the Axiovision software (Zeiss). Images were collected and cells 

scored and counted using the ImageJ software.  

For the co-cultures analysis, stacks of images of MBP and SMI31 and SMI32 positive cells were 

taken under confocal microscope at 40X magnification and the ZEISS LSM Image Browser was 

utilized to automate quantification of the myelination index. Images in the stack were merged at 

each level and the myelination index was calculated. 

 

Western Blot Analysis 

Cell lysates obtained from cultures treated with the Asinex compound or one GPR17 endogenous 

ligand were prepared and analyzed by WB as previously described (Fumagalli et al., 2015). Briefly, 

cells were lysed in lysis buffer (20 mM Tris pH 7.2, 0.5% deoxycholate, 1% Triton, 0.1% SDS, 150 

mM NaCl, 1 mM EDTA, and 1% proteases inhibitors) and, then, approximately 25 to 30 µg 

aliquots from each protein sample were loaded on 12% sodium-dodecylsulfate polyacrylamide gels 

and blotted onto nitrocellulose membranes. Membranes were saturated with 10% non-fat dry milk 

in Tris-buffered saline (TBS; 1 mM Tris-HCl, 15 mM NaCl, pH 8) for 1 h at room temperature and 

incubated overnight at 4°C with rat anti-MBP. The following day, membranes were washed in 

TBS-T (TBS plus 0.1% Tween20), incubated for 1 h with goat anti-rat secondary antibodies 

conjugated to horseradish peroxidase in 5% non-fat dry milk in TBS. Detection of proteins was 

performed by enhanced chemiluminescence (ECL) and autoradiography. Non specific reactions 

were evaluated in the presence of the secondary antibodies alone. Densitometric analysis of the 

protein bands was performed with ImageJ software. Band intensities were measured as integrated 

density volumes (IDV) and expressed as % of control lane values for comparisons between 
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treatment groups. α-tubulin (Sigma Aldrich) expression was analyzed from the same sample as an 

internal control and it was used for data normalization. 

Permanent middle cerebral artery occlusion (MCAo) 

 11 weeks old GPR17-iCreERT2:CAG-eGFP report mice received 10 mg tamoxifen, dissolved in 

10% ethanol and 90% corn oil, three times by gavage once every second day. After 3 weeks of 

wash-out from tamoxifen, the mice were anesthetized with ketamine (80 mg/kg) and xylazine (16 

mg/kg) and underwent permanent MCAo, as previously described (Sironi et al., 2003). Starting 

from 1 day before surgery, mice received BrdU (1 mg/ml) in drinking water supplemented with 2% 

sucrose for 15 days. Mice were sacrificed at 72 hours and 1, 2, 4 and 8 weeks after MCAo (n=3-5 

mice for each time point). In parallel, sham-operated mice were included in each experimental 

group (Figure 1C). 

Brain damage visualization 

MRI investigations were performed in mice anesthetized with 1% isofluorane in 1 L/min of O2 

at 72 hours and 1, 2, 4 and 8 weeks after ischemic insult using a 4.7 T, vertical super wide bore 

magnet of a Bruker Avance II spectrometer with micro imaging accessory. Brain damage was 

visualised by means of T2-weighted MR imaging using a RARE sequence with an equivalent TE of 

80 ms, a TR of 3 sec, a refocusing flip angle of 180°, and a FOV of 4.0x4.0 cm
2
; 16 contiguous 

coronal slices with a thickness of 1.0 mm, a matrix size of 128x128, and 12 signal averages were 

recorded for a total scan time of 4 minutes and 48 seconds (Gelosa et al., 2014). 

Immunofluorescence analysis 

Mice were perfused with phosphate-buffered saline and then 4% paraformaldehyde in 

phosphate-buffered saline for at least 25 minutes. Brains were removed, post-fixed 1 hour in the 

same solution and cryoprotected in 30% sucrose solution until precipitation at 4°C. Coronal section 

of 20-µm were incubated with the following primary antibodies: chicken anti-GFP antibody, rat 

anti-BrdU and rabbit anti-Olig2, rabbit anti-NG2 and GPR17. Incubation with primary antibodies 

was made overnight at 4°C in PBS with 1% normal goat serum and 0.1% Triton-X 100, while for 

anti-NG2 in PBS with 1% normal goat serum and 0.3% Triton-X 100. The sections were then 

exposed for 2 h at room temperature to secondary antibodies as following: goat anti-rabbit and goat 

anti-rat secondary antibodies conjugated to AlexaFluor 633 fluorochrome were used to detect 

BrdU-positive cells, and goat anti-chicken secondary antibody conjugated to AlexaFluor488 

fluorochrome was used to detect GFP. For rabbit anti-NG2 and GPR17, the signal intensity was 

enhanced using the High Sensitivity Tyramide-Rhodaminate Signal Amplification kit following the 

manufacturer’s instructions. For triple GFP/NG2/BrdU labelling, staining of BrdU was performed 

last, after fixing sections with 4% paraformaldehyde for 10 minutes and incubating them with HCl 

2N for 45 minutes at 37° C. Nuclei were labelled with Hoechst 33258.  

For the quantitative analysis, four anatomically defined regions of interest (ROIs) surrounding 

the ischemic lesion were identified (ventral and dorsal cortex, corpus callosum and striatum). 

Within the ROIs, specific fields were acquired at 40X magnification using a LSM510 Zeiss 

confocal microscope. Each image was the result of a Z-stack acquisition. 

Results 

Effects of GPR17 activation by Asinex compound on OPC maturation  

Pharmacological activation mediated by GPR17 endogenous ligands has been demonstrated to 

accelerate OPC differentiation toward a mature phenotype (Fumagalli et al., 2011). In order to 

verify whether also the new GPR17 ligand Asinex has pro-differentiating properties, we tested this 

compound in purified OPC cultures in parallel with a GPR17 endogenous ligand. Both ICC and 

WB analysis demonstrated that Asinex compound significantly increased MBP expression with 

respect to control.  
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Effects of GPR17 activation by Asinex compound on OPC myelination 

To determine whether new GPR17 ligand Asinex can also affect the myelination process, OPCs 

were co-cultured with DRG and exposed to Asinex as described in Methods. In parallel, we also 

tested the effects of an endogenous GPR17. After fixation, cells were immunostained for MBP to 

visualize myelinated axons and for Smi31 and Smi32 to visualize neurofilaments. We found that the 

tested Asinex compound significantly promoted the formation of myelinated segments as shown by 

the increased value of the “Myelination Index”. This increase was due to the presence of more 

MBP+-myelinated axons in treated-cultures with respect to vehicle-treated cells. 

Characterization of the GPR17iCreER
T2

:GFP mouse line 

This mouse line has been developed in collaboration with the University of Munich. In these 

mice, as pictured in Figure 1A, the Cre-recombinase fused to a modified oestrogen receptor is 

expressed under the Gpr17-promoter. After crossing these mice with a floxed enhanced Green 

Fluorescence Protein (eGFP) reporter mouse line (CAG-eGFP), all GPR17+-cells can be visualized 

by GFP upon tamoxifen administration. Importantly, the progeny of the recombined cells will 

remain GFP+ even if GPR17 is no longer expressed. The characterization of this mouse line 

revealed that, 4 days upon tamoxifen administration, GFP is clearly detected in cells belonging to 

the oligodendrocyte lineage, as indicated by the expression of the transcription factor Olig2. 

Moreover, all the GFP+-cells express GPR17 indicating that the recombination occurs only in cells 

in which the GPR17 promoter is active (Figure 1B) (Viganò et al., 2015). High relevant, 4 days 

upon tamoxifen administration, the majority of GFP+ cells also express the precursor marker NG2. 
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Figure 1. Characterization of the GPR17iCreER

T2
: GFP mouse line 

(A) Schematic representation of the recombination mechanism that takes place within GPR17+-cells upon tamoxifen 

administration. After tamoxifen administration, in all cells in which the GPR17 promoter is active, the Cre-recombinase 

fused to the oestrogen receptor is expressed and translocates into the nucleus where it specifically recognizes and cuts 

the loxP sites flanking the stop codon cloned upstream to the GFP gene. This modification allows the GFP expression. 

(B) Immunohistochemical analysis of health brain sections from GPR17iCreERT2:GFP mice 4 days after induction of 

GFP with tamoxifen showing double immunostaining of GFP+ cells (green) with either Olig2 or GPR17 or NG2  (red); 

(Scale bar, 20 µm). Insets show higher magnification of representative Olig2+GFP+ cells (Scale bar, 100 µm). Hoechst 

33258 was used to label cell nuclei. (C) Schematic representation of protocol followed for the in vivo studies. 11 weeks 

old mice received tamoxifen by gavage three times and after 3 weeks of wash-out, mice underwent permanent MCAo. 

Starting from 1 day before surgery, mice also received BrdU (1 mg/ml) in drinking water supplemented with 2% 

sucrose for 15 days. Mice were subjected to MRI investigations (DWI and T2W) at 24, 48 and 72 hours and at 1,2, 4 

and 8 weeks after MCAo. Mice were sacrificed at 72h and 1, 2, 4 and 8w after surgery.  

 

 

Description of brain damage evolution through immunohistochemical analysis and magnetic 

resonance investigations 

Previous data indicated that, in an established model of stroke in rodents, the Middle Cerebral 

Artery occlusion model (MCAo), GPR17+-OPCs start accumulating in the peri-lesion area at early 

stages after MCAo, suggesting an active role of these cells in the reparative/regenerative processes 

during the post-ischemic period (Lecca et al., 2008; Viganò et al., 2015). However, so far, no data 

on the significance of these accumulated cells and on their final fate at longer time points after 

ischemia are available. To this purpose, with the present work we induced MCAo in the new 

conditional GPR17-iCreER
T2

:GFP mouse line following the protocol illustrated in Fig 1C. Animals 
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were sacrificed at different time points after MCAo in order to monitor the behaviour of the 

recombined cells during the post-ischemic period. Moreover, thanks to a collaboration with Prof. 

Tremoli’s Lab, animals were also subjected to MRI investigation in order to assess the presence, the 

extent and the evolution of brain damage. Figure 2A shows representative mouse brain ipsilateral 

hemispheres 72 hours and 2, 4 and 8 weeks after MCAo, immunostained with GFP antibody. This 

picture clearly shows that the GFP+ cells start accumulating early in the proximity of the brain 

injury; then, 2 weeks after MCAo, the ischemic area becomes smaller and at 4 and 8 weeks after 

MCAo a GFP+ scar delimiting this area appears. The GFP labelling is localized in regions 

surrounding the injury areas detectable by MR imaging.  

 
Figure 2. Brain damage evolution after MCAo in GPR17iCreERT2:GFP mice. 

(A) Representative image of GFP immunofluorescence in ischemic brain slices from GPR17iCreERT2:GFP mice 72 

hours, 2,4 and 8 weeks after MCAo. Scale bar: 500 m. (B) Representative T2W brain images of the same mouse at the 

same slice level for each time point. At 72 hours, the dashed line delimitates the vasogenic oedema which is not more 

visible at 2 weeks after MCAo. Arrows indicate the elongation of corpus callosum and the cortical atrophy developing 

over time in presence of permanent vessel occlusion. 

 

Effects of brain ischemia on GFP+ cells 

To gain further details on this ischemia-induced GFP+ cell reaction, we subdivided the sampled 

field in four different Regions Of Interest (ROIs, i.e. dorsal cortex, ventral cortex, corpus callosum 

and striatum. The number of recombined GFP+ cells was significantly increased both in the ventral 

cortex in the dorsal cortex and in the corpus callosum of the ipsilateral compared to the contralateral 

side already 72 h after MCAo. This increase persisted during the following weeks and reached a 

plateau at longer time points. In the striatum, no increase in the number of GFP+ cells was observed 

at 72h; however, in this brain region the increase in the number of GFP+ cells became statistically 

significant starting from 2 weeks after the ischemic insult and was still present at longer time points, 

indicating that, in this area, this change develops with a slower kinetics.  

In order to understand whether the MCAo-induced increase in the number of GFP+ cells could 

be ascribed to an increased proliferation rate of recombined cells or to other mechanisms, we treated 

animals with the DNA precursor molecule BrdU starting from the day before surgery for the 

following 2 weeks as reported in Methods section and in Figure 1C. The number of GFP+ cells that 



 
 

7 

incorporated BrdU was increased in the ipsilateral compared to the contralateral side at 72h, 2 and 8 

weeks after MCAo in all the brain regions analysed.  

Globally, these results demonstrate that brain ischemia induces a rapid increase in the number of 

GFP+ cells that can be, at least partially, ascribed to their increased proliferation rate. 

 

Conclusions and future perspectives 

The data obtained with the in vitro experiments unveiled the capability of the new GPR17 ligand 

Asinex in promoting the OPC maturation program. In parallel, the experiments performed in the 

GPR17-iCreERT2:GFP mice clearly demonstrated that GPR17 expressing-OPCs actively and 

rapidly responded to the ischemic insult, suggesting their involvement in the endogenous repair 

mechanisms after stroke. 

Future experiments, where analysis will be carried out at later time points after ischemia, will 

provide information on the fate of GFP+ cells during chronic post-ischemic phases. Moreover, to 

define the therapeutic potential of the Asinex compound in the evolution and recovery of ischemic 

tissue damage, we will test this ligand in GPR17-iCreERT2:GFP mice subjected to MCAo. The 

timing, administration route and duration of the treatment will be defined based on the results of the 

fate mapping studies of GFP+ cells after MCAo and on pharmacokinetic data already available 

thanks to an initial in silico simulation and prediction (in collaboration with Prof. Eberini). 

In general, accomplishment of all the experiments described in this project will contribute to 

validate re-myelination as a new regenerative approach in stroke. 
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