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Abstract Unveiling the mechanisms participating in the
damage and repair of traumatic brain injury (TBI) is funda-
mental to develop new therapies. The P2Y-like GPR17
receptor has recently emerged as a sensor of damage and a
key actor in lesion remodeling/repair in the rodent brain, but
its role in humans is totally unknown. Here, we character-
ized GPR17 expression in brain specimens from seven
intensive care unit TBI patients undergoing neurosurgery
for contusion removal and from 28 autoptic TBI cases
(and 10 control subjects of matched age and gender) of
two university hospitals. In both neurosurgery and autoptic
samples, GPR17 expression was strong inside the contused
core and progressively declined distally according to a
spatio-temporal gradient. Inside and around the core,
GPR17 labeled dying neurons, reactive astrocytes, and acti-
vated microglia/macrophages. In peri-contused parenchyma,
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GPR17 decorated oligodendrocyte precursor cells (OPCs)
some of which had proliferated, indicating re-myelination
attempts. In autoptic cases, GPR17 expression positively cor-
related with death for intracranial complications and negative-
ly correlated with patients’ post-traumatic survival. Data indi-
cate lesion-specific sequential involvement of GPR17 in the
(a) death of irreversibly damaged neurons, (b) activation of
microglia/macrophages remodeling the lesion, and (c)
activation/proliferation of multipotent parenchymal progeni-
tors (both reactive astrocytes and OPCs) starting repair pro-
cesses. Data validate GPR17 as a target for neurorepair and are
particularly relevant to setting up new therapies for TBI
patients.
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Introduction

After injury, the brain undergoes profound remodeling in
an attempt to restore the most important functions. This
process requires a complex cross-talk between damaged
neurons releasing alerting signals and responding glial
cells [1]. Microglia, the brain’s immunocytes, release
chemokines and cytokines and phagocytize irreversibly
damaged neurons to clear space and resources for recov-
ering cells. Astrocytes become ‘“reactive” by increased
expression of glial fibrillary acidic protein (GFAP) and
release trophic molecules. A third type of normally qui-
escent glia, the so-called NG2 cells [2], primarily known
as oligodendrocyte precursor cells (OPCs), start prolifer-
ating and differentiating to mature myelin-producing oli-
godendrocytes sustaining re-myelination, reconstruction
of neuronal circuitries, and re-establishment of cell-to-
cell communication [3, 4]. Interestingly, after injury, both
reactive astrocytes [5—8] and NG2 cells [9, 10] reacquire
features typical of multipotent precursors and could rep-
resent a source for new neurons or glia replacing damaged
cells. Unfortunately, the neurogenic/gliogenic program of
these cells is inhibited by inflammatory signals at the
lesion site [6, 11].

Obviously, exploitment of the beneficial actions of glial
cells to foster repair in human neurodegenerative diseases
would greatly benefit from (a) identification of the molec-
ular players regulating their activation after injury and (b)
demonstration of their presence and behavior in the human
brain. In this respect, the P2Y-like membrane receptor
GPR17 has emerged as a key player in brain repair after
injury. Both rodent and human GPR17 dually respond to
uracil nucleotides (UDP and UDP-glucose) and arachidon-
ic acid-derived cysteinyl-leukotrienes (LTD,4 and LTE,),

Table 1 Summary of patients’ characteristics for neurosurgical samples

two families of alerting “danger signals” accumulating at
injury sites [12—16]. The purinergic component of GPR17
has been confirmed in two additional independent studies
[17, 18], whereas response to cysteinyl-leukotrienes has
been proposed to be related to the formation of heteromers
[17, 19-21]. In this respect, in a previous in silico and in
vitro study on GPR17 ligands performed by our group
[22], we proposed a possible allosteric effect of the
CysLTI1R antagonist montelukast on GPR17 uracil li-
gands, suggesting that montelukast may act on a yet un-
characterized binding site differing from the principal
orthosteric one.

In rodent brain, GPR17 is normally present on some
neurons and on quiescent parenchymal OPCs (very early
bi-/tripolar NG2 cells and more advanced ramified imma-
ture pre-oligodendrocytes expressing early myelin markers
like O4, [23]). After brain ischemic, traumatic, demyelinat-
ing [12, 24], or spinal cord [25] lesions, GPR17 was tran-
siently and sequentially upregulated/expressed first in neu-
rons and then in microglia, astrocytes, and OPCs participat-
ing in lesion remodeling. In 2012, based on these and other
data, FAST FORWARD, a nonprofit organization of the
National Multiple Sclerosis Society USA aimed at speeding
up basic discoveries to the clinics, has independently recog-
nized GPR17 as a main target and a “model receptor” for
innovative therapies for multiple sclerosis and neurodegen-
erative diseases (see FAST FORWARD 2012 Request
for proposals, http://www.nationalmssociety.org/fast-forward/
index.aspx).

However, the relevance of these data to human brain
injury is totally unknown. Here, we present, for the first
time, a detailed analysis of GPR17 expression in neu-
rosurgical and autoptic samples from patients with trau-
matic brain injury (TBI). Data are particularly relevant

Patient Age Sex Mechanism of GCS at Main lesion Post-traumatic GOS Presence of GPR17"
(years) TBI admission survival time cells
P1 21 M MVA 4 Traumatic SDH, ICH 96 NA Y
P2 32 F Fall 9 Traumatic EDH, ICH 4 3 Y
P3 67 M MVA 11 Traumatic ICH 4.2 3 N
P4 48 F MVA 5 Traumatic SDH, ICH 3.15 5 Y
P5 58 F Fall 14 Traumatic ICH >120 3 N
P6 54 F MVA 8 Traumatic ICH 8.5 2 N
P7 63 F MVA 8 Traumatic ICH 16 NA Y

GCS Glasgow Coma Scale, GOS Glasgow Outcome Score, SDH subdural hematoma, EDH epidural hematoma, M VA4 motor vehicle accident, Y yes,
N no, ICH intracerebral hemorrhage, N4 not available
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Table 2 Summary of patients’ characteristics for autoptic samples

Patient  Age Sex Trauma Cause of death Post-traumatic Presence of
(years) region survival time GPR17" cells
(day/h/min)
1 85 F PFCr, TCr,1  Traumatic ICH 0.4 day (10.8 h) Y
2 44 M PFCr, 1 Traumatic ICH, SDH 14 days (336 h) Y
3 44 F PFCr Traumatic ICH, SDH 11 days (264 h) Y
4 38 M PFCr Traumatic SAH 0 Y
5 87 M PFC 1 Traumatic SAH, ICH 16 days Y
6 47 F PFC 1 Traumatic ICH 0h Y
7 18 M OoCr, 1 Traumatic SAH, ICH, EDH 0 day (10 min) Y
8 50 F PFCr Traumatic SAH, ICH 2 days (48 h) Y
9 68 M PFCr Traumatic SAH, ICH, lung contusion, 0 day (1 h) Y
skull base fracture, fat embolism of the lung
10 26 M PFC 1, HC Traumatic SAH, SDH, ICH 0 day (15 min) Y
11 53 M PFC 1 Traumatic ICH 0.2 day (5 h) Y
12 55 M PFC Traumatic SAH, SDH 7.4 days (178 h) Y
13 70 F HC1 Traumatic SDH, SAH, ICH 2.5 days (60 h) Y
14 45 M PFC1 Hypothermia, traumatic SAH 0h Y
15 35 M PFC Lung and heart contusions, skull base 0h N
fracture, traumatic SAH
16 29 M PFC Lung contusion, traumatic aortic rupture, traumatic EDH 0 h N
17 18 F HC1,0OCr Traumatic SAH, ICH 0h N
18 19 F oC1 Hemorrhagic shock, traumatic SAH, ICH 0h N
19 26 F PFC Hemorrhagic shock, traumatic EDH, skull brain fracture 0.1 day (2 h) N
20 48 M PFCr, PCr Traumatic ICH 3-5 days N
21 75 M PCr Traumatic ICH 1.2 days (28.8 h) N
22 59 M PFC1, TC1 Traumatic EDH, SDH, SAH, ICH, skull base fracture 3.1 days (75 h) N
23 70 F HC 1 Traumatic SDH, SAH, ICH 2.5 days (60 h) N
24 51 F PFC 1 Traumatic SDH, SAH, ICH 2.3 days (55 h) N
25 58 M PFC Pulmonary embolism, traumatic SDH 33 days N
26 57 M PFC Septicemia, traumatic SAH, SDH, ICH 92 days N
27 34 M PFC Septicemia, traumatic SDH 50 days N
28 79 M PFC Pneumonia, traumatic SDH 37 days N
29 56 M PFC Septicemia, overrun by car 41 days N
30 30 M PFC Aortic rupture 1.7 day (40 h) N
31 75 F PFC Multiple stroke 13 days N
32 61 M PFCr Hemorrhagic shock, thoracic trauma 0h Y
33 47 M PFC 1 Traumatic thoracic dissection 0.4 h (25 min) Y
34 43 M PFC 1 Cardiac infarction 0h Y
35 57 M PFC 1 Cardiac infarction 0Oh Y
36 27 M PFCr Drowning 0h Y
37 44 F PFCr Strangulation 0h Y
38 44 M PFC 1 Acute coronary insufficiency 0h Y

ICH intracerebral hemorrhage, SDH subdural hematoma, SAH subarachnoid hemorrhage, EDH epidural hematoma, / left, » right, PF'C prefrontal
cortex, OC occipital cortex, PC parietal cortex, 7C temporal cortex, HC hippocampus, Y yes, N no

to setting up new therapies for TBI, especially in view

of the fact that GPR17 represents a target for already  [26].

marketed drugs like the anti-asthmatic agent montelukast
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Fig. 1 GPR17 expression in
human brain neurosurgical
samples after contusion. In
neurosurgical samples from
some patients, GPR17 was
found to be expressed in a wide
population of shrunk neurons
(green fluorescence in a), most
of which were also positive for
the neuronal marker NeuN (in
red). GPR17 was also
expressed in NeuN-positive
neurons with a triangular shape
(b). In specimens from three
patients, many GFAP-
expressing reactive astrocytes
(red cells in ¢ and d) were
found; a subset of these cells
also positively stained for
GPR17 (green fluorescence), as
shown in ¢’; an example of such
cells showing immunoreactivity
for both GFAP and GPR17
(vellow cell) is reported in d.
Reactive astrocytes expressing
the stem cell marker nestin (red
fluorescence) were also found
throughout the cortical
parenchyma; no such cells
expressed GPR17 (green
fluorescence) e. Only in one
patient, in which infiltrating
cells were visible, numerous
cells expressing both GPR17
(green fluorescence) and the
microglial marker 1B4 (red
fluorescence) were found
(vellow cells in f). Nuclei are
labeled with Hoechst 33258 dye
(Hoe). Chromogens in
immunohistochemistry
micrographs were digitally
pseudocolored. Scale bars=

20 pm

GPR17/

Materials and methods
Neurosurgical TBI samples
Samples were obtained from seven TBI patients under-

going neurosurgery for contusion removal [27] at the
Neuroscience Intensive Care Unit of Milan Policlinico

@ Springer

GPRA7/

-

Hospital (patients’ characteristics in Table 1). According
to the admission Glasgow Coma Scale (GCS), four
severe (GCS<8), two moderate (GCS=9-12), and one
mild (GCS=13-15) cases were included. In five pa-
tients, contusions were evacuated within day 1, and
two patients showing a slow evolution of intracranial

lesion leading to increase of intracranial pressure
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Fig. 2 GPRI17 expression in the human brain of control subjects.
Immunohistochemical analysis of autoptic samples collected from pa-
tients deceased from causes other than TBI (controls) showed that, in
these subjects, GPR17 (brown staining) is expressed in a small number of
cells typically resembling OPCs (a) and in cells whose morphology is
reminiscent of pyramidal neurons (b). Scale bars=20 pum

underwent surgery 4 and 5 days after TBI, respectively.
The study was approved by the Local Research Ethics
Committee of Milan Policlinico Hospital.

Autoptic TBI specimens

Peri-traumatic cortical samples from 28 TBI and 10 control
subjects of matched age and gender were removed at autop-
sy. The 28 specimens were from 10 females and 18 males
(ages 1887 years, means 49.57+3.77 vs 48.40+4.6 years
in TBI and control groups, respectively); postmortem inter-
val was between 17.5 h and 4.5 days. In TBI cases, post-
traumatic survival time (PTI) ranged from 0 to 2,208 h. In
control subjects, the cause of death was other than TBI
(cardiac infarction, multiple stroke, strangulation, aortic
rupture). Subjects’ characteristics are reported in Table 2.
All procedures were approved by the ethical committee and
authorities at University of Leipzig.

Histology, immunohistochemistry, and confocal laser
scanning/light microscopy

Antibodies are described in Supplementary Tables 3 and 4.
For standard histology, immunohistochemistry, and confo-
cal laser scanning/light microscopy for detection of GPR17
and other markers, see Supplementary material.

Statistical analysis

Differences in GPR17 expression between patients who died
from extra- or intracranial complications were estimated by
Pearson’s chi-square test. Spearman’s correlation test was
applied to evaluate correlations between GPR17 expression
and PTI. For comparison of time courses of GPR17 expres-
sion in TBI and control cases, a Mann—Whitney U test was
applied. Level of significance was set at 0.05. Descriptive
statistical data are given as mean + standard error. Statistical
analyses were accomplished using IBM SPSS statistics soft-
ware (Version 19, IBM, Ehningen, Germany).

Results

In neurosurgical TBI samples, GPR17 labels dying neurons,
reactive astrocytes, and activated microglia/macrophages
infiltrating the lesion

As a first step of our analysis, to confirm the specificity of
our results, we tested three different antibodies against
GPR17: two were from the same host (rabbit) and based
on the same epitope (an “in-house” produced antibody and a
commercial one); only for the Ibal co-staining (where an
antibody from a different host was needed), a murine mono-
clonal antibody was used (see ‘“Materials and methods”).
After a careful setting of the staining conditions, the first
two antibodies gave similar and comparable results (data not
shown). We then analyzed samples from patients undergo-
ing surgery for contusion removal. In two neurosurgical
samples, GPR17 was found in shrunk neurons (green cells
in Fig. 1a) also staining for the neuronal marker NeuN (red
fluorescence) and in triangular cells (Fig. 1b) reminiscent of
pyramidal cortical neurons overexpressing GPR17 in rats
after ischemia [14].

Many hypertrophic GFAP-positive astrocytes were
found, some of which coexpressed GPR17 (yellow cells in
Fig. 1c, ¢ inset, and d), suggesting a role in reactive astro-
cytes. This is at variance from rodent central nervous system
(CNS) tissues, where GPR17 was never found in GFAP-
positive astrocytes under normal or injury conditions [12,
14, 24]. Only after spinal cord trauma, GPR17 was induced
in GFAP-positive ependymal cells lining the spinal cord’s
central canal, the true adult “stem-like” progenitors in this
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Fig. 3 Spatial gradient of GPR17 expression in various types of neural
cells in autoptic specimens from TBI patients. GPR17 expression was
very strong in cells inside and at the borders of the necrotic core (zones
I and II, also indicated as PCZ in the central drawing) and then
gradually declined in zones (III) and (IV). Dense immunoreactive red
spots in zones (I) and (II) of the central drawing likely represent shrunk
dying or already dead cells, or fragments of necrotized cells. Green
circles in zone (II) represent cells costaining for both GPR17 and the
microglial marker Ibal (a), thus representing activated globose mi-
croglia. In zone (III), stellate GPR17/GFAP double-positive reactive
astrocytes were found (vellow cells indicated by arrows in b). GFAP-

part of the CNS, suggesting a role for GPR17 in
reacquisition of multipotency and stem cellness after this
kind of injury [25]. In the injured rodent CNS, reactive
astrocytes are heterogeneous, as demonstrated by the fact
that only a subpopulation of these cells re-express the
multipotency marker nestin [25]. Nestin-positive cells were
also found in human neurosurgical samples (Fig. l¢), but
they did not express GPR17, indicating that, as in rodents,

@ Springer

positive, GPR17-negative astrocytes (red cells in b; see also cells
indicated by thick short arrows in d) were also present. Starting from
zone (III) and throughout zone (IV), many pyramidal cells costaining
for GPR17 and the neuronal marker MAP2 were present (c). In these
zones, several GPR17-expressing cells that, however, did not stain for
anyone of the previously mentioned markers (including GFAP) were
also detected (green fluorescent cells indicated by long thin arrows in d
and e). The morphology of these cells was reminiscent of that of OPCs
(see also text and Fig. 6). For further details, please see “Results.”
Nuclei are labeled with Hoechst 33258 dye (Hoe, blue fluorescence).
Scale bars=10 pum (a, b, d, e) and 20 pum (c)

human reacting astrocytes are heterogeneous and GPR17
specifically labels a nestin-negative subset of these cells.
In one patient where cells infiltrating the lesion were
visible, rounded cells coexpressing GPR17 and IB4, a mark-
er of activated microglia/macrophages, were detected
(Fig. 1f). These cells that were very similar to GPR17/IB4-
expressing cells found in rodent injured brain and spinal
cord [12, 14, 24, 25] likely represent local reacting
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Fig. 4 GPRI17 expression in activated astrocytes after TBI. After TBI, in
tissues collected from human autoptic samples, GPR17 expression was
also found in activated astrocytes (#1ick arrows). Examples of such cells are
shown in a—c (cells with a morphology resembling type 2 astrocytes) and in
d—f (fibrous astrocytes). Green immunofluorescence for GPR17 (a, d); red

microglia and/or blood-borne macrophages infiltrating the
lesion to phagocytize dead cells and initiate remodeling.

Spatio-temporal changes of GPR17 in various cell types
in autoptic TBI samples

We then performed a more detailed study in autoptic
specimens from a larger number of TBI patients. In
cortical autoptic samples from control subjects, GPR17
was found in a low number of cells with two distinct
morphologies: (a) small, variously ramified cells remi-
niscent of precursor cells [28] and (b) triangular cells
with a long single process (a and b of Fig. 2, respec-
tively). Based on these features and subsequent stainings
(see also below), we confirmed these cells to be OPCs
and pyramidal neurons, respectively.

At variance from neurosurgical samples, where a
clear spatio-temporal analysis of GPR17 was not possi-
ble, the larger number of autoptic TBI cases allowed us
to establish a gradient of GPR17 induction in different
cells at distinct distances from the traumatic core (TBI)
that were arbitrarily named zones (I), (II) (peri-contused
zone, PCZ), (IIl), and (IV) (Fig. 3). Depending on TBI
severity and bleeding extent, the full area illustrated in

GPR17/

Sfluorescence for GFAP (b, e); merging of images showing coexpression of

both GPR17 and GFAP in the same cells (yellow double-labeled cells, thick
arrows) (¢, f). GFAP-negative/GPR17-positive cells were also observed
(examples are indicated with thin arrows). Nuclei are labeled with Hoechst
33258 dye (Hoe, blue fluorescence). Scale bars=10 um

Fig. 3 central drawing spanned from 1 to 10 (or more)
mm; cells in zone (I) were found at approximately 50—
500 um from TBL

In contused zone (I) and PCZ zone (II), many GPR17-
positive dots (in red in Fig. 3 drawing) representing frag-
ments of shrunk dying/dead cells expressing high receptor
levels were observed (see also below). In zone (II), many
rounded GPR17-expressing cells were detected at the bor-
ders or in the immediate vicinity of TBI (green circles in
Fig. 3 drawing and green fluorescent cells in Fig. 3a). These
cells were very similar to the globose-activated microglia
infiltrating the lesion in one neurosurgical sample (Fig. 1f)
and also stained for the microglial/macrophage marker
Ibal (yellow cells indicated by arrows, Fig. 3a) which
confirmed that they are indeed GPRI17-expressing
microglia/macrophages infiltrating the core.

In zones (II) and (IIT), two other GPR 17-expressing types
of cells were found: the morphology of one cell type was
reminiscent of type 2 astrocytes [29] as confirmed by GFAP
staining (yellow cells indicated by arrows, Fig. 3b); addi-
tional examples of GPR17-positive type 2 or fibrous astro-
cytes in prefrontal cortical samples are shown in Fig. 4. As
already observed in neurosurgical samples, there were also
many GPR17-negative activated astrocytes (Fig. 3d, e).
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Fig. 5 GPR17 expression in neurons after TBI. Immunohistochemical
analysis of tissues collected from human autoptic TBI samples re-
vealed expression of GPR17 in cells resembling pyramidal neurons
(a) and higher magnification detail (b). Immunofluorescence staining
confirmed the neuronal nature of these cells: green fluorescence for

The second type of cells found in zones (II) and (III) and
throughout zone (IV) were the triangular cells already ob-
served in the cortex of control subjects (see also DAB
staining in Fig. 5a, b); we confirmed these cells to be
pyramidal neurons by MAP2 staining (Figs. 3¢ and Sc—e).
A clear gradient of GPR17 expression was observed in these
neurons, with very strong immunoreactivity in zone (II) and
progressively fainter staining in more distal zones (III) and
(IV) (data not shown), suggesting that GPR17 is markedly
induced in damaged neurons and that its expression is
proportional to the extent of damage extent.

A fourth GPR17-positive cell type was found in zones
(ID)—(IV): smaller, variously ramified cells reminiscent of
some cells found in control samples (green fluorescent cells
indicated by thin arrows in Fig. 3d, e; see also DAB stainings
in Fig. 6a, b). These cells were clearly different from astro-
cytes (the red cells indicated by short arrows in Fig. 3d, ¢)
and never co-stained for GFAP. Based on their mean diam-
eter (~10 um, considerably smaller compared to neurons,
astrocytes, and microglia) and coexpression of O4 and
CNPase that typically stain immature pre-oligodendrocytes
[23] (Fig. 6¢c—e and f-h, respectively), we confirmed these
cells to be OPCs.

@ Springer

GPR17/

GPR17 (c¢); red fluorescence for the neuronal marker MAP2 (d); merge
of the two images showing coexpression of GPR17 and MAP2 in the
same cell (e). Nuclei are labeled with Hoechst 33258 dye (Hoe, blue

fluorescence). Scale bars=20 um (a), 50 um (b), and 20 um (c—e)

In rodents, GPR17 transiently labels OPCs from early
bi-/tripolar NG2 stages (phase 1, Fig. 7 drawing) to more
advanced phase 2/phase 3 ramified stages. GPR17 is maxi-
mally expressed at the transition between phase 2 and phase 3,
when cells exit the cell cycle and become committed to
differentiation; thereafter, GPR17 is gradually downregulated
along with appearance of more ramified morphologies and
markers of myelination [23, 24]. Moreover, the number of
GPR17-expressing cells is increased in rodent brain after
lesions [24] when proliferation and differentiation of normally
quiescent OPCs is stimulated [4] to face increased demand for
re-myelination and repair.

In various TBI cases, bi-/tripolar or more ramified
GPR17-positive OPCs were found (Fig. 7a—e). In some
samples, GPR17-positive, phase 2 OPCs intensively stained
for the nuclear proliferation marker Ki67, suggesting that,
also in humans, early OPCs respond to injury by resuming
proliferation (Fig. 7f). We also found several phase 4 highly
ramified Ki67-negative OPCs showing fainter GPR17 ex-
pression (Fig. 7g), confirming that, also in the human brain,
GPR17 expression is downregulated at more advanced
stages when cells assume more mature morphologies typical
of myelinating cells.
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Fig. 6 Expression of GPR17 in oligodendroglial cells after TBI.
Immunohistochemical analysis of autoptic samples from TBI patients
showed GPR17 expression in cells with a variously ramified morphol-
ogy that was typically reminiscent of OPCs (brown stained cells
indicated by arrows in a and b). The oligodendroglial phenotype of
these cells was confirmed by immunofluorescence double staining

GPR17 is selectively induced in patients deceased
from intracranial complications and negatively
correlates with patients’ PTI

TBI autoptic cases (n=28) belong to two groups
depending on the cause of death, extracranial vs intra-
cranial complications (Fig. 8). Subgroup analysis re-
vealed that the majority (66.7 %, 12 out of 18) of
patients deceased from intracranial complications
displayed GPR17 expression in OPCs, whereas only 2
out of 10 patients deceased from extracranial

GPR17/

analysis showing that GPR17-positive cells (¢ and f, in green fluores-
cence) co-localized with two typical oligodendroglial markers like O4
(red fluorescence in d and merge image of same cells in e) and CNPase
(red fluorescence in g and merge image of same cells in h). Nuclei
were labeled with Hoechst 33258 dye (Hoe, blue fluorescence). Scale
bars=10 um

complications (20 %) displayed detectable GPR17 ex-
pression, a statistically significant difference (p=0.018).
Thus, receptor induction results from reactions occurring
as a consequence of local injury and likely involves
release of diffusible factors from damaged cells.
Furthermore, there was a clear negative correlation be-
tween GPR17 expression and patient’s PTI after TBI (p
=0.027). GPR17 immunoreactivity was already detected
within 2 h after TBI, and very numerous GPR17-
expressing OPCs were found in patients deceased within
16 days (384 h). Patients showed GPRI17 expression
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Fig. 7 Differentiation phases of GPR17-positive OPCs in human TBI
autoptic specimens. Immunohistochemical analysis of cortical samples col-
lected from TBI patients showed that GPR17 is indeed present in OPCs
belonging to distinct differentiation phases, each identified by a typical
morphology (i.e., bi- and tripolar phase 1 OPCs, more ramified phase 2
OPCs, and highly ramified phase 3 and phase 4 OPCs, upper drawing; see

until a mean survival time of 92+37 vs 0.06£0.06 h in
controls (p=0.07). At PTI longer than 16 days, GPR17
expression was markedly decreased, suggesting a clear
time window for receptor induction after injury.

Discussion

Here we show that, in normal human brain, GPR17 labels
OPCs and neurons and that, after TBI, GPR17 undergoes
profound changes in cells participating in damage and repair
according to a precise spatio-temporal pattern. Our findings
are obtained on contusions neurosurgically dissected from
TBI patients and on autoptic specimens. Both approaches
complementarily revealed the strong expression of GPR17
in the injured brain tissue. The larger number of autoptic
samples allowed a detailed analysis of GPR17 expression in
different brain cells and its spatio-temporal gradient in rela-
tion to the injury core, with very strong expression within
the lesion and gradually fainter stainings in more distal
areas. The existence of a spatio-temporal gradient for GPR17
induction is also confirmed by statistical analysis showing that

@ Springer

text for details). GPR17 was found in early bipolar (a) or tripolar (b) cells and
in cells of more advanced stages (c—e). In samples from some patients, early
phase 1 and phase 2 GPR17-expressing OPCs (f) markedly co-stained for the
nuclear proliferative marker dye Ki67, suggesting a proliferative behavior
that was not observed in more ramified, later stages GPR17-positive OPCs
whose nuclei were negative for Ki67 (g). Scale bars=10 um

(a) GPR17 is selectively induced in patients deceased from
intracranial but not extracranial complications and that (b)
receptor expression negatively correlates with patients” PTL,
being very high at short survival periods and markedly de-
creased at PTT times longer than 16 days.

Importantly, the neurosurgical samples demonstrated that
GPR17 is actually expressed in the living tissue, thus un-
derlying the relevance of this sensor in TBI patients and
ruling out the possibility of postmortem artefacts.

Strong GPR 17 immunoreactivity was found in shrunk dying
pyramidal neurons inside or in the immediate vicinity of the
traumatic core. This is consistent with rodent data showing early
and transient GPR17 upregulation in neurons inside and at the
borders of ischemic lesions [12, 14] and in necrotic core neurons
after spinal cord trauma [25]. In both types of injury in rodents,
early in vivo GPR17 knockdown by antisense oligonucleotide
strategy reduced damage, suggesting that pathological GPR17
overexpression at very early injury phases may contribute to
the damage [12, 14, 25].

The detected gradient of GPR17 expression also suggests
that receptor induction is proportional to the damage and
likely induced by diffusible factor(s) released by injured
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Fig. 8 Correlation analysis: selective expression of GPR17 in patients
deceased from intracranial complications. Traumatic brain-injured pa-
tients from the autopsy study (n=28) could be divided in two catego-
ries based on the cause of death: namely extracranial complications
(left column) or intracranial complications (right column). The majority
of those who died upon their focal damage had GPR17 expression (in
gray). In contrast, the vast majority of patients that deceased from
extracranial complications showed no GPR17 expression (in white;
chi-square test, linear-by-linear association, two sided, p=0.02)

cells. In this respect, GPR17 endogenous ligands (UDP-
glucose and LTD,) are massively released at lesion sites
[30] and can themselves induce GPR17 in both OPCs [12]
and microglia (Wypych, Lecca, and Abbracchio,
unpublished); these ligands are therefore likely candidates
for GPR17 induction (and activation) in humans as well.
In rodents, the initial GPR17 deregulation inside the lesion is
followed by sequential induction/activation of GPR17 in
microglia/macrophages infiltrating the lesion, reactive astro-
cytes, and parenchymal OPCs. Data from TBI patients show
that GPR17 is specifically induced in activated 1B4-positive
microglia/macrophages infiltrating the lesion, confirming
GPR17 participation in the lesion remodeling that precedes
reconstruction of neuronal circuitries. At variance from rodents
where GFAP/GPR17 coexpression was detected in spinal cord
injury-activated ependymal cells [25] but not in brain astrocytes
[12, 14, 24], in the cortex of TBI patients, GPR17 decorated a
subset of reactive astrocytes, suggesting that, in humans,
GPR17 may also regulate astrocytic post-traumatic activation.
Thus, the role of GPR17 in the injured human brain may be
broader than that observed in rodents. Moreover, in several
human samples, GPR17 was found in bi-/tripolar or more
ramified OPCs, suggesting a role in post-injury-induced OPC
differentiation. Some GPR17-expressing OPCs were clearly
resuming proliferation, as already shown in rodents [28]. Thus,
in both humans and rodents, GPR17 participates to post-injury
attempts to generate new myelinating oligodendrocytes.

Based on these findings, we suggest that GPR17 plays a role
in sensing damage and in orchestrating lesion remodeling and
repair in the humans brain and, thus, represents a novel target
for new therapies for TBI. Highly relevant, GPR17 is indeed
the target of already marketed drugs, such as the anti-asthmatic
agent montelukast [12, 14], whose efficacy against cerebral
ischemia in rodents has been recently demonstrated [26].
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