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ARTICLE INFO ABSTRACT

Keywords: The generation of neural stem and progenitor cells following injury is critical for the function of the central

GPR37 nervous system, but the molecular mechanisms modulating this response remain largely unknown. We have

l;f)g‘“jmwr cells previously identified the G protein-coupled receptor 37 (GPR37) as a modulator of ischemic damage in a mouse
iosis

model of stroke. Here we demonstrate that GPR37 functions as a critical negative regulator of progenitor cell
dynamics and gliosis following ischemic injury. In the central nervous system, GPR37 is enriched in mature
oligodendrocytes, but following injury we have found that its expression is dramatically increased within a
population of Sox2-positive progenitor cells. Moreover, the genetic deletion of GPR37 did not alter the number of
mature oligodendrocytes following injury but did markedly increase the number of both progenitor cells and
injury-induced Olig2-expressing glia. Alterations in the glial environment were further evidenced by the
decreased activation of oligodendrocyte precursor cells. These data reveal that GPR37 regulates the response of
progenitor cells to ischemic injury and provides new perspectives into the potential for manipulating endogenous

Ischemic injury

progenitor cells following stroke.

1. Introduction

Ischemic insults to the central nervous system (CNS), such as stroke,
are among the leading causes of disability and mortality worldwide (Lo
et al., 2003). There are currently no effective treatments available to
promote recovery and repair in stroke patients. Though functional re-
covery is limited, prior studies have highlighted the regenerative po-
tential of the central nervous system (CNS) through the activation of
endogenous neurogenesis following stroke (Liu et al., 2009; Lindvall and
Kokaia, 2015). Classically, the subventricular zone of the lateral
ventricle (SVZ) and the sub-granular zone (SGZ) of the hippocampus are
the main regions of the CNS known to produce new neurons under both
physiological and pathological conditions (Lindvall and Kokaia, 2015).
These regions are enriched in multipotent neural stem/progenitor cells

(NSPCs) which reside within the adult CNS, and are increasingly
recognized as attractive therapeutic targets (Lindvall and Kokaia, 2010).

Interestingly, recent studies have demonstrated that NSPCs are
located in a number of brain regions other than the SGZ and SVZ
(Arvidsson et al., 2002; Parent et al., 2002; Thored et al., 2006; Bona-
guidi et al., 2016; Magavi et al., 2000). Notably, following ischemic
stroke, NSPCs are localized to the injury zone within the cerebral cortex
(Jiang et al., 2001; Zhang et al., 2006; Ziv et al., 2007) where their
maintenance is highly dependent on specific signals within their
microenvironment (Jones and Wagers, 2008; Decimo et al., 2012).
Moreover, recent studies have highlighted that NSPCs function to
regulate endogenous neurogenesis following injury in the human brain
(Jin et al., 2006; Minger et al., 2007), thereby validating the trans-
lational potential of therapeutics targeting these cells. Extrinsic signals
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such as cell-cell signaling as well as cell-extracellular matrix signaling
can regulate various aspects of NSPC physiology and maintenance.
Although NSPCs have been identified in the cerebral cortex, this region
has generally been classified as an atypical, non-germinal stem cell niche
(Bonfanti and Peretto, 2011). Under baseline conditions, the cerebral
cortex is thought to contain committed precursor cells that can self-
renew, but are unable to induce comprehensive neurogenesis (Bern-
stock, 2014) due to inhibitory extrinsic signals emitted from their
microenvironment (Mu et al., 2010). Currently, the precise molecular
cues regulating the dynamics of these cells remain mostly unknown.

GPR37 is a G protein-coupled receptor that is also known as the
“parkin-associated endothelin-like receptor" (“Pael-R") and predomi-
nantly expressed in the brain (Yang et al., 2016; Marazziti et al., 2007;
Morato et al., 2017). It is known to be highly expressed in mature oli-
godendrocytes, where it functions to inhibit oligodendrocyte maturation
(Yang et al., 2016) and decrease susceptibility to demyelination (Smith
et al.,, 2017). GPR37 can also exert cytoprotective actions in cultured
cells (Giddens et al., 2017; Lundius et al., 2013; Lundius et al., 2014) and
modulate susceptibility to Parkinson’s disease-like pathology in vivo
(Marazziti et al., 2004; Wang et al., 2008; Zhang et al., 2020). We
recently identified GPR37 as a key regulator of the CNS response to
ischemic stroke-like injury: when GPR37 is deleted in a rodent model,
acute ischemic damage is more severe (McCrary et al., 2019). In the
present study, we found that GPR37 is dramatically upregulated
following focal cortical infarction and functions as a critical negative
regulator of progenitor cell dynamics within the cerebral cortex
following ischemic injury.

2. Materials and methods
2.1. Generation of knock out mice and maintenance of mouse colony

Mice lacking GPR37 (Gpr37~ /=) were obtained from Jackson Labo-
ratory (strain Gpr37™P8 stock number 005806). This strain contains a
bacterial LacZ reporter gene in the Gpr37 locus. To ensure uniformity of
genetic background, these mice were backcrossed with wild-type mice
(The Jackson Laboratory) for ten consecutive generations. The suc-
cessful deletion of Gpr37 was then confirmed via DNA sequencing and
the loss of GPR37 protein expression validated by western blotting brain
tissue samples from WT and Gpr37 /~ mice with an anti-GPR37 anti-
body (MAb Technologies). All mice were housed in a 12-h light/dark
cycle with food and water available ad libitum and all experiments
performed prior to 5:00 pm. Male mice were used for all stroke induction
paradigms. All experiments were conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee of Emory
University.

2.2. Antibodies

The following antibodies were used: rabbit polyclonal to GPR37
(Mab Technologies, WB 1:1000); chicken polyclonal to p-gal (Abcam,
ab9361, IHC 1:500); mouse monoclonal to CC1(Millipore, OP80, IHC
1:500); rat monoclonal GFAP(Invitrogen,13-0300, IHC 1:500); goat
polyclonal to Ibal(Abcam, ab5076, IHC 1:500); mouse monoclonal to
NG2 (Santa Cruz, sc 53,389, IHC 1:200); rabbit polyclonal to Olig2
(Millipore, AB9610, THC 1:500); rabbit polyclonal to Sox2 (Stemgent,
09-0024, THC 1:200); rabbit polyclonal to cleaved Caspase-3 (Cell
Signaling Technology, 9661, IHC 1:200). Secondary antibodies were
species specific Alexa Fluor 488, Alexa Fluor 568, or Alexa Fluor 647
immunoglobulin G (IgG) (heavy and light chains) (Jackson ImmunoR-
esearch, 1:500).

2.3. Focal ischemia stroke model

A sensorimotor cortex ischemic stroke was induced within Gpr37~/~,
WT littermate controls and C57BL/6 mice (male mice, 2-3 months of
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age). This paradigm used was induced based on prior reports of barrel
cortex stroke with mofified artery occlusion protocols (McCrary et al.,
2019; Jiang et al., 2017). Animals were given ketamine/xylazine (ke-
tamine 80-100 mg/kg i.p., xylazine 10-12.5 mg/kg, i.p.) anesthesia
following which the right middle cerebral artery was permanetly ligated
(10-0 suture, Surgical Specialities CO, Reading, PA, USA). The pro-
duction of right sensorimotor ischemia was then followed by bilateral
occlusions of the common carotid artery for seven minutes and reper-
fusion. This modified ischemic procedure resulted in the production of a
specific infarct formation within the right sensorimotor cortex.

Before and after surgery, the animals were housed in groups of 5
animals per cage, and allowed access to food and water ad libitum.
During the surgery and in the recovery phase, animal body temperature
was monitored using a rectal probe and maintained at £37 °C by a
homeothermic blanket control unit (Harvard Apparatus, Holliston, MA,
US) and animals were kept within a ventilated humidity controlled
incubator (Thermocare, Incline Village, NV, USA) . Before surgery, an-
imals were given a single dose of meloxicam (oral, 5 mg/kg), followed
by daily doses of meloxicam (oral, 5 mg/kg) for three days post-surgery.
Following the surgery animals were monitored for 60 min to confirm
proper recovery from anesthesia and monitor locomotor activity and
animal health. The overall mortality rate for this paradigm was 5%. Mice
were sacrificed with an overdose of isoflurane and decapitation three
days following stroke. The brains were then immediately removed and
transferred to 4% paraformaldehyde or stored at —80 °C until further
processing. All animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of Emory University School of
Medicine.

2.4. Western blot

Isolated protein samples were reduced and denatured in Laemmli
buffer and then analyzed via SDS-PAGE. Samples were loaded onto
4-20% Tris-glycine gels (BioRad) and then subsequently transferred to
nitrocellulose membranes (BioRad). For analysis via chem-
iluminescence, membranes were blocked in 5% milk (5% non-fat milk in
50 mM NaCl, 10 mM HEPES, pH 7.3, 0.1% Tween-20 (Sigma) in ultra-
pure water) and then incubated shaking overnight at 4 °C with primary
antibodies. Densitometric protein quantification was performed using
ImageJ software.

2.5. Immunofluorescence

For immunohistochemistry, brains were removed and postfixed for
24 h. at 4 °C in 4% PFA. The brains were then cryopreserved at 4 °Cin a
solution of 30% sucrose/PBS overnight. From each brain 40 pm frozen
sections were cut coronally using a freezing microtome. Sections were
collected, three per well into 96 well plates containing cryoprotectant
solution (TBS/30% ethylene glycol/15% sucrose/0.05% sodium azide) and
stored at -20 °C prior to histological processing. Sections were then
washed with PBS, incubated in 1% H30,, washed again with PBS and
then blocked for 60 min in a solution containing 1 M Tris-Brij 35 (pH
7.5), 0.3% Triton X-100/15% normal goat serum before overnight in-
cubation with specified primary antibody diluted in Tris-Brij 35 (pH
7.5). To make a 1 M Tris-Brij solution, Brij 35 (30%) was used to make a
final working buffer containing 2.5% Brij 35 in 1 M Tris. Sections were
then rinsed in Tris-Brij 35(pH 7.5) and incubated for two hours with
specified secondary antibodies. In instances where signal amplification
was necessary, TSA amplification (Gruttgen et al., 2001) (Akoya Bio-
sciences) was utilized. For double labeling experiments, a region of
tissue known to contain the protein of interest was used as a positive
control and tissues incubated in secondary antibodies without primary
antibodies present were used as negative controls in the staining pro-
tocols. All double-label experiments were done in parallel for incubation
of primary antibodies, followed by sequential incubation of secondary
antibodies. = Anti-mouse  AffinPure Fab fragment (Jackson
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ImmunoResearch) was used to minimize non-specific labelling of mouse
primary antibodies used in mouse tissue.

Confocal images were acquired using a Leica SP8 inverted micro-
scope using the LASX unmixing software to obtain z-stack datasets.
Three to four sections per mouse were used for immunofluorescence
staining. Immunoreactive cells were analyzed within the peri-infarct
region utilizing ImageJ software. Cell counting was performed for
immunoreactive cells within the peri-infarct region. The ‘Sum projec-
tion’ feature in ImageJ was used to obtain a composite image of multiple
z-stacks. Fluorescence intensity was calculated for a region of interest
(ROI) within the peri-infarct region. A threshold was determined across
all images for each antibody used. The total fluorescence intensity of
immunoreactive cells within the ROI was calculated using the “Mea-
sure” feature of ImageJ. All colocalization analyses were performed
using ImarisColoc software (Imaris 9.3), which enables processing of
three-dimensional microscopy images.

2.6. Statistical analyses

Prism 6 (GraphPad Software, La Jolla, CA, USA) was used to perform
statistical analysis and generate graphical representations. For com-
parisons between two experimental groups, a two-tailed student’s t-test
with unequal variance was used. For comparisons between multiple
experimental groups, one-way ANOVA and two-way ANOVA were used
followed by Holm-Sidak multiple comparisons correction. Mander’s
overlay coefficient was used to measure the degree of colocalization
between specified outputs. Statistical significance was defined as p <
0.05. All graphical data are presented as the mean + SEM.

3. Results
3.1. GPR37 is upregulated following injury

Given our previous observations that GPR37 regulates key signaling
pathways following ischemic injury (McCrary et al., 2019), we assessed
the expression levels of GPR37 in mice before and after the middle ce-
rebral artery occlusion (MCAO) model of stroke. Three days following
MCAO, Western blot studies revealed that WT mice exhibited a dramatic
(~6-fold) increase in GPR37 levels within the peri-infarct region
(Fig. 1a-b). A depiction of the full immunoblot for Fig. 1a is provided in
Supplemental Fig. A. We next sought to extend these findings using
immunohistochemistry, but studies using commercially available anti-
GPR37 antibodies failed to yield an antibody that specifically labeled
WT brain sections without non-specifically labeling brain sections from
Gpr37~/~ mice. We therefore took advantage of the fact that the GPR37
promoter in Gpr37~ /~ mice contains a bacterial LacZ reporter gene.
Detection of p-galactosidse (f-gal) in Gpr37~/~ sham and MCAO samples
revealed a pronounced increase (~3-fold) in B-gal-positive cells sur-
rounding the focal injury (Fig. 1c-h), which was consistent with the
Western blot data. Thus, findings made using two independent tech-
niques (including both direct and indirect measures) revealed that
GPR37 is robustly upregulated within cells in the peri-infarct region
following ischemia. Surprisingly, cells expressing p-gal could be visu-
alized within the boundary of the peri-infarct region, as denoted by the
boundary of glial fibrillary acidic protein (GFAP)-positive astrocytes, as
well as within the ischemic core (Fig. 1d). The astrocytes within this
region exhibited robust expression of GFAP, consistent with astrocytes
that had undergone astrogliosis triggered by the ischemic injury.

3.2. Post-stroke GPR37-positive cells are not mature oligodendrocytes

We next addressed the identity of the cell population in which GPR37
was upregulated following ischemic injury. In uninjured brain tissue,
GPR37 is most abundantly expressed in mature oligodendrocytes within
white matter regions such as the corpus callosum, hippocampal fimbria,
and caudate putamen (Yang et al., 2016; Smith et al., 2017)
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(Supplemental Fig. B). To determine if the large population of GPR37-
positive cells in the cortex following focal injury were oligodendro-
cytes, we performed immunohistochemical labeling on brain tissue from
Gpr37~/~ mice (sham vs. MCAO) to assess colocalization between p-gal
(indicating GPR37 expression) and adenomatous polyposis coli clone
CC1, a marker for mature oligodendrocytes. These studies revealed that
approximately 80% of p-gal-positive cells were CC1-positive (Fig. 2a-d,
k) in sham brains, suggesting that these cells are mature oligodendro-
cytes. In contrast, studies examining the peri-infarct region of MCAO
brain tissue revealed that only about 15% of p-gal-positive cells colo-
calized with CC1 (Fig. 2f-j, k). In the stroke tissue, many CC1-positive
cells following ischemia corresponded to reactive astrocytes, as visual-
ized with GFAP staining (Supplemental Fig. C), and consistent with
previous reports (Tripathi et al., 2017). However, the clear majority of
B-gal-positive cells were not CCl-positive (Fig. 2f-k), indicating that
these cells were neither mature oligodendrocytes nor reactive
astrocytes.

Indeed, the p-gal-positive cells that we observed so abundantly after
MCAO did not colocalize with any classical reactive glia markers
(Fig. 3a-d). B-gal staining did not colocalize (% colocalization <10%)
with the reactive astrocyte marker GFAP (Fig. 3a), the reactive oligo-
dendrocyte progenitor cell (OPC) marker NG2 (Fig. 3c) or the reactive
microglia marker IBA1 (Fig. 3b). However, p-gal staining did exhibit
robust colocalization (~80%) with Olig2 following MCAO (Fig. 3e-g).
Interestingly, while 80% of f-gal positive cells were immunoreactive for
Olig2, only about 55% of total Olig2-positive cells were immunoreactive
for B-gal (Fig. 3f). Mander’s overlap coefficient was used to further
quantify the degree of colocalization between p-gal and Olig2. For total
pB-gal-positive cells immunoreactive for Olig2, the Mander’s coefficient
was 0.91 + 0.03, whereas for total Olig2-positive cells immunoreactive
for p-gal the coefficient was 0.56 + 0.07. Olig2 is known to be expressed
in oligodendrocyte lineage cells (Takebayashi et al., 2000; Zhou et al.,
2000; Lu et al., 2000a) but also known to be expressed more broadly in
progenitor cell populations (Setoguchi and Kondo, 2004; Ligon et al.,
2007; Buffo et al., 2005). To rule out the possibility that these cells
represented a population of cells undergoing apoptosis, we assessed
colocalization between f-gal and cleaved caspase-3 (Supplemental
Fig. D) and found that $-gal-positive cells did not express this marker for
active cell death. Additionally, these cells did not express the migratory
neuroblast marker DCX (Supplemental Fig. E). Taken together, these
data suggest that 3 days following experimental ischemic stroke, GPR37
is highly expressed by viable Olig2-positive cells that are not mature
oligodendrocytes.

The large increase in p-gal-positive cells observed after MCAO in
Gpr37~/~ mice, coupled with the observation that most of these p-gal-
positive cells were positive for Olig2, suggested that there must be an
overall increase in the number of Olig2 expressing cells in the peri-
infarct region following ischemic injury. We tested this idea in the ex-
periments illustrated in Fig. 4. Following MCAO in Gpr37~/~ mice, we
observed a significant increase in Olig2-positive cells in the peri-infarct
region, consistent with the findings described above (Fig. 4f,h). Inter-
estingly, this observation only held true for the brain tissue from the
Gpr37~/~ mice (Fig. 4f): in brain sections from WT mice, Olig2-positive
staining was not increased after MCAO, and in fact tended to decrease
(Fig. 4e,g).

3.3. Gpr37 is upregulated in Sox2-positive progenitor cells, which exhibit
altered responses in Gpr37~/~ mice

Several studies have highlighted the role of Olig2 in the regulation of
stem/progenitor cell fate (Ligon et al., 2007; Mateo et al., 2015). Since
GPR37 colocalized with Olig2 but not with mature glial cell markers, we
examined whether these cells expressed other markers for stem or pro-
genitor cells. Surprisingly, we observed a strong colocalization between
B-gal (a proxy for GPR37) and the progenitor cell marker Sox2 (~80%)
following MCAO (Fig. 5a-f). Conversely, only ~40% of all Sox2-positive
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ANOVA (Holm-Sidak), *p < 0.05, ****p < 0.0001. (c) Immunohistochemical staining depicting f-gal+ cells within the cortex of Gpr37~ /= sham mice and (d)
Analogous peri-infarct region within a Gpr37 '~ MCAO brain. e) Magnified zoom of white box depicted in panel C. (f) Magnified zoom of white box depicted in panel
D. (g) Quantification of p-gal+ cells within the cortex/peri-infarct region of Gpr37 /= sham and MCAO brains. (h) Quantification of mean intensity density of p-gal+
cells within the cortex/penumbra of sham and Gpr37~/~ MCAO brains. Bars represent mean + SEM, N = 4-6, t-test, *p < 0.05**p < 0.01. White arrowheads represent
p-gal+ cells. The white dashed line represents the tissue boundary. Scale bars in panels C and D represent 100 pm. Scale bars in panels E and F represent 50 pm.
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Fig. 2. Post-stroke Gpr37-positive cells are not mature oligodendrocytes. Immunolabeling depicting B-gal+/CC1+ cells within the cortical region of sham brains (a-e) and
stroke peri-infarct region (f-i) 72 h following MCAO. The white dashed line represents the boundary of the ischemic core (e) Magnified zoom of sham region image
shown in panel D. (j) Magnified zoom of peri-infarct region shown in panel I. (k) Quantification of the percentage of p-gal+ cells colocalized with CC1+ cells within
the cortex of Gpr37 /~ sham brains and penumbra of stroke brains. White arrowheads represent f-gal+ cells. Bars represent mean + SEM, N = 4-6, t-test, ****p <
0.0001. Scale bar = 100 pm (A and F). Scale bar = 50 pm (B, C, D, G, H, and I). Scale bars = 10 pm (E and J).
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increased by over two fold (WT: 63 + 4 (SEM), Gpr37/~: 147 + 27 In previous work, we found that Gpr37~/~ mice exhibited a striking
(SEM)) within the ischemic core and peri-infarct region of Gpr37 "/~ decrease in the normal upregulation of GFAP that is observed after brain
mice, relative to WT (Fig. 5g-i). injury (McCrary et al., 2019). To more comprehensively explore the role

of GPR37 in glial reactivity after stroke-like injury, we assessed changes
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in the reactive OPC marker NG2 before and after MCAO. Following
MCAO in WT mice, NG2-positive glia within the peri-infarct region
exhibited a ramified phenotype with strong expression of NG2 (Fig. 6b-
c), consistent with previous findings by others (Tanaka et al., 2001;
Levine, 1994). In contrast, Gpr37_/ ~ mice exhibited much more modest
expression of NG2 after MCAO, with post-injury intensity of NG2 being
significantly reduced, relative to WT mice. (Fig. 6e-h). Taken together
with our previous findings about reduced GFAP induction in the Gpr37~/
" mice after MCAO, these data suggest that GPR37 may function as a key
regulator of gliosis and the glial microenvironment following brain

injury.
4. Discussion

The present study provides novel evidence for a regulatory role for
GPR37 in the modulation of neural stem/progenitor cell (NSPC) dy-
namics within the peri-infarct zone following cerebral ischemia. We
found that GPR37 is dramatically upregulated within a progenitor cell
population following the infarct and that deletion of GPR37 conse-
quently altered the dynamics of these cells and surrounding glial cells in
response to injury. In the uninjured CNS, GPR37 is predominantly
expressed in mature oligodendrocytes, where it functions as a negative
regulator of both differentiation and myelination (Yang et al., 2016). A
recent study reported that GPR37 can also be expressed in NSPCs, where
it is required for Wnt-dependent neurogenesis (Berger et al., 2017).
Interestingly, following focal ischemia in mice, Wnt-3a administration
imparts neuroprotection and functions as a regenerative factor (Wei
et al., 2018). In the present study, we observed that GPR37 expression is
not altered within mature oligodendrocytes following stroke but rather
dramatically upregulated within Sox2-positive NSPCs where it functions
to modulate the presence of these cells within both the ischemic core and
peri-infarct region.

The precise origin of the increased Sox2-positive NSPCs in the
damaged cortex of mice lacking GPR37 remains unclear. Following
stroke, several studies have noted the migration of neuroblasts from the
SVZ into the adjacent striatum and cerebral cortex (Arvidsson et al.,
2002; Parent et al., 2002; Jiang et al., 2001). Thus, it is possible that
these cells represent a population of cells that has migrated to the infarct
region from a classical stem cell niche such as the SVZ. However, given
that these cells are visualized at an acute timepoint following injury and
lack staining for the neuroblast marker DCX (Supplemental Fig. C), it
seems unlikely that these cells represent migrating neuroblasts.

NSPCs have been isolated from numerous regions within the adult
mammalian brain (Gage, 2000) and neurogenesis has been reported to
occur in atypical brain regions such as the cerebral cortex (Gould et al.,
1999). Although reports are limited, the presence of NSPCs within the
ischemia-damaged cortex has previously been demonstrated (Jiang
et al., 2001). Moreover, modulation of factors within the injury micro-
environment has been found to alter and enhance the dynamics of these
cells (Jiang et al., 2001; Zhang et al., 2006; Leker et al., 2007; Kolb et al.,
2007). It is therefore possible that the increased density of Sox2-positive
cells within mice lacking GPR37 represents the expansion of a local
NSPC niche present within the cortex. Initial studies assessing stroke-
induced neurogenesis failed to observe significant neurogenesis within
the cerebral cortex, which highlights the general inability of this region
to support neurogenesis (Arvidsson et al., 2002; Parent et al., 2002).
However, in specific instances neurogenesis could be enhanced through
the introduction of growth factors or signaling molecules (Kolb et al.,
2007). Our studies provide further evidence by demonstrating that the
presence of GPR37 is a key factor regulating the appearance of injury-
induced progenitor cells within the cerebral cortex following stroke.

Since most of our analyses were performed three days following
stroke, the ultimate fate of the Olig2-positive and Sox2-positive cells,
which appear in such large numbers in mice lacking GPR37 after injury,
remains unclear. Do these cells go on to commit to the neuronal lineage,
or alternatively do they become glial-restricted cells? Future
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experiments examining longer time points and utilizing fate-restricted
mapping could help elucidate the final fate of these progenitors
following injury. Another crucial question is whether these cells offer
any functional or behavioral benefits to mice lacking GPR37. In a pre-
vious study, we performed behavioral assessments 10 days following
stroke and found that Gpr37 ~/~ mice recovered from 3-day sensori-
motor deficits in both ‘time to contact’ and ‘time to remove’ assays, thus
suggesting an overall improvement rather than a further deterioration of
spatio-motor functions assessed 10 days following stroke (McCrary
et al., 2019). Future studies should be targeted at assessing longer time
points in order to get a more comprehensive understanding of how al-
terations in the glial injury environment within Gpr37 ~/~ mice translate
to behavioral outcomes associated with stroke recovery.

While it is uncertain whether the loss of GPR37 leads to the increased
production of new glial cells, it is evident that following stroke-like
injury, GPR37 regulates the activation of existing glial cells Interest-
ingly, recent studies have also highlighted a role for GPR37 in the
activation of peripheral macrophages, further suggesting a critical role
for this receptor in the modulation of immune responses (Bang et al.,
2018; Bang et al., 2021). In a previous study we demonstrated that the
loss of GPR37 attenuates astrocyte activation and enhances microglial
activation within the injured peri-infarct region following stroke
(McCrary et al., 2019). In the present study, we demonstrate that the loss
of GPR37 has a pronounced effect on the activation of OPCs following
stroke. Since GPR37 is not highly expressed within astrocytes, microglia,
or OPCs, it is possible that GPR37 signaling within NSPCs affects the
secretion of soluble factors which are capable of modulating gliosis.
Indeed, multiple mechanisms of communication exist between NSPCs
and neighboring cells to control various aspects of the injury microen-
vironment (Decimo et al., 2012; Morrison and Spradling, 2008; Willis
et al., 2020). Additionally, the localization of these cells within the
ischemic core suggests that within Gpr37/~ mice this region may
represent an actively regulated region capable of supporting viable cells.
To date most stroke research focuses on the peri-infarct region because
the ischemic core has generally been classified as a region that has un-
dergone significant necrosis. Interestingly, recent human stroke studies
suggest that the cortical ischemic core, but not the peri-infarct region, is
a determinant of clinical outcomes following acute ischemic stroke
(Koennecke, 2003; Jovin et al., 2003).

The downstream signaling pathways and natural ligand for GPR37
remain areas of intense research interest. GPR37 has been reported to
bind to and be activated by the secreted protein prosaposin (Giddens
et al., 2017; Lundius et al., 2014; Liu et al., 2018) as well as the secreted
lipid factor neuroprotectin D1 (Bang et al., 2018). Interestingly, both
prosaposin (Morita et al., 2001; Lu et al., 2000b; Igase et al., 1999) and
neuroprotectin D1 (Belayev et al., 2017; Yao et al., 2013; Bazan et al.,
2012) have been reported to modulate post-stroke recovery. In our
current studies, we examined prosaposin levels in WT vs. Gpr37 /~ mice
following stroke but did not note any significant differences in prosa-
posin expression (Supplemental Fig. F). Future work that clarifies the
ligand(s) of GPR37 and the receptor’s downstream signaling pathways
will shed important light on the roles of GPR37 in modulating CNS re-
sponses following stroke.

In summary, our work illustrates a novel role for GPR37 in the
regulation of NSPC dynamics following injury and modulation of the
glial microenvironment within the post-stroke brain. These findings
suggest that GPR37 may be a viable target to enhance the generation of
endogenous NSPCs within the injured cortex following ischemic stroke.
Additional studies are needed to further assess the effects of GPR37 on
neurogenesis and regeneration during chronic phases of stroke.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.expneurol.2021.113719.
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