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Abstract

Brain acid signaling plays important roles in both physiological and disease conditions. One key 

neuronal metabotropic proton receptor in the brain is GPR68, which contributes to hippocampal 

long-term potentiation (LTP) and mediates neuroprotection in acidotic and ischemic conditions. 

Here, to gain greater understanding of GPR68 function in the brain, we performed mRNA-Seq 

analysis in mice. First, we studied sham-operated animals to determine baseline expression. 

Compared to wild-type (WT), GPR68−/− (KO) brain downregulated genes which are enriched in 

Gene Ontology (GO) terms of misfolding protein binding, response to organic cyclic compounds, 

and endoplasmic reticulum chaperone complex. Next, we examined the expression profile 

following transient middle cerebral artery occlusion (tMCAO). tMCAO-upregulated genes cluster 

to cytokine/chemokine-related functions and immune responses while tMCAO-downregulated 

genes cluster to channel activities and synaptic signaling. For proton-sensitive receptors, tMCAO 

downregulated ASIC1a, upregulated GPR4 and GPR65, but had no effect on ASIC2, PAC, or 

GPR68. GPR68 deletion did not alter the expression of these proton receptors, either at baseline or 

after ischemia. Lastly, we performed GeneVenn analysis of differential genes at baseline and post-

tMCAO. Ischemia upregulated the expression of three hemoglobin genes, along with H2-Aa, 

Ppbp, Siglece, and Tagln, in WT but not in KO. Immunostaining showed that tMCAO-induced 

hemoglobin localized to neurons. Western blot analysis further showed that hemoglobin induction 

is GPR68-dependent. Together, these data suggest that GPR68 deletion at baseline disrupts 

chaperone functions and cellular signaling responses and imply a contribution of hemoglobin-

mediated antioxidant mechanism to GPR68-dependent neuroprotection in ischemia.
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INTRODUCTION

Proton is one important signal in the brain. Increase in proton concentration, or pH 

reduction, occurs with increased neural activities (1–3). Under physiological conditions, 

proton signaling regulates a wide range of functions, which include modulating intracellular 

signaling and metabolism, regulating ion homeostasis, sensing CO2, and modulating 

synaptic function (4–9). Dysregulation of proton sensing mechanisms alters calcium 

homeostasis and neuron excitability, impairs synaptic plasticity and learning, compromises 

cerebral vascular functions (8, 10–12). Besides the physiological pH fluctuations, acidosis- a 

persistent brain pH reduction- occurs with aging, neuroinflammation, ischemic injury, 

traumatic brain injury, and in multiple types of neurodegenerative disorders (13, 14). 

Chronic acidosis is one important contributor to neuronal injury in multiple diseases (15, 

16). Together, these data show that defining the molecular mechanism by which protons 

signal in the brain is important for a better understanding of brain physiology and the 

etiology of multiple diseases.

In recent studies, we and others have investigated whether protons signal through 

metabotropic proton receptors in the brain. GPR68 (also termed OGR1, which stands for 

Ovarian cancer G protein coupled receptor 1), a proton-sensitive GPCR, was present in 

neurons in multiple brain regions, including hippocampus, cortex, striatum, and cerebellum 

(12, 17, 18). GPR68 deletion impairs hippocampal long-term potentiation (LTP) and passive 

avoidance fear memory (12). In cerebellar granule cells, GPR68 mediates acid-induced 

calcium response (18). In organotypic cortical and hippocampal slices, GPR68 mediates 

acid-induced PKC activation (17). Deleting GPR68 worsens acidosis- and oxygen-glucose 

deprivation (OGD)-induced neuronal injury in slices. Following 45 min tMCAO in vivo, 

GPR68−/− (KO) mice exhibits larger brain infarct (17). Moreover, the effect of GPR68 

deletion correlates with post-ischemia hemorrhagic transformation, with maximal effect 

observed when hemorrhagic transformation was moderate (19). Conversely, AAV-mediated 

overexpression of GPR68 in mouse brain reduces 60 min tMCAO-induced brain infarct size 

(17). Together, these data indicate that GPR68 functions as a ubiquitously expressed 

neuronal proton receptor in the brain. The results in synaptic plasticity and neuronal injury 

further underline the functional importance of GPR68 in the brain. However, the detailed 

molecular mechanism underlying these phenomena remains largely undefined.

Here, to generate more insights into how GPR68 alters neuron function and impacts 

neuronal injury, we performed RNA-Seq analysis in wild-type (WT) and KO mice. First, to 

determine how GPR68 deletion alters baseline gene expression and ontology, we compared 

the transcriptomes of sham-operated WT and KO animals. Next, to provide insights into 

ischemia-induced injury, we compared the sham and post-MCAO animals. Lastly, to identify 

potential GPR68-dependent protective mechanism in ischemia, we analyzed differentially 

expressed genes in post-ischemia brain tissue of WT and KO animals, and then validated the 

candidate protective genes with qPCR, immunostaining, and Western blot analysis.
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MATERIALS AND METHODS

Mice

GPR68−/− mice have been described previously and were on a congenic C57BL/6 

background (20). Wild-type C57BL/6 and knockout mice were maintained as breeding 

colonies at the University of South Alabama. The knockout mice were refreshed 

(backcrossed to C57BL/6 wild-type) every 5–10 generations, according to the Jackson 

Laboratory’s recommendations. For experiments in the current study, 8–11 week old age-

matched male mice were used. Animal care met National Institutes of Health standards. All 

procedures were approved by the University of South Alabama Animal Care and Use 

Committee.

Antibodies and Reagents

Primary antibodies used: Hemoglobin (rabbit, Invitrogen PA5–97559) 1:2000; GAPDH 

(mouse IgG, Invitrogen PIMA531457 1:10K); NeuN (mouse IgG, Rockland 

Immunochemicals 200–301-X09 1:2000; chicken IgY, Abcam ab134014 1:2000). Secondary 

antibodies used: Alexa 488-, 568-, 680-, and 800-conjugated secondary antibodies, and 

Dylight 488-, 680- and 800- conjugated secondary antibodies (ThermoFisher Invitrogen, 

Rockland Immunologicals, & Jackson ImmunoResearch Lab). Molecular biology reagents 

were purchased from ThermoFisher, Bio-Rad, and Qiagen.

Transient Focal ischemia

The induction of transient focal ischemia in mice was performed as described earlier (17, 

21). Briefly, 8–11 week old, body weight 25 ± 3 g, WT and GPR68−/− male mice (on 

congenic C57BL6 background) were used. Mice were randomly assigned to the sham-

operated or tMCAO group. Anesthesia was maintained with 1.5% isoflurane, 70% N2O, and 

28.5% O2. Rectal and temporalis muscle temperatures were kept at 37°C ± 0.5°C with a 

thermostatically controlled heating pad. To induce MCAO, a 7–0 silicon coated 

monofilament nylon surgical suture (Doccol 702023) was introduced through ECA into ICA 

and advanced ~7–8 mm past the CCA bifurcation. Occlusion was maintained for 45 min. To 

ensure consistency, cerebral blood flow (CBF) for all surgery animals was monitored for the 

entire duration by transcranial laser Doppler (MoorVMS-LDF2). Mice that failed to 

maintain a stable blood flow reduction between 5–20% of the original value, or failed to 

have at least 50% reperfusion of the original value following suture removal, or had a 

reperfusion rate exceeds 120% were excluded. Twenty four hours after tMCAO, mice were 

sacrificed and brains were isolated for further analysis.

Number of animals included and excluded for this study are detailed below. 1) For RNA-

Seq, a total of 8 WT and 8 KO animals were used, including 3 sham-operated and 5 tMCAO 

animals for each genotype. All surgery animals met the CBF criteria. However, 1 WT and 1 

KO in the MCAO group were not included for sequencing due to low RNA quality. 2) For 

RT-qPCR, besides the above samples used for RNA-Seq, we included additional 4 WT and 4 

KO animals for the tMCAO group. All surgery animals in this cohort met the CBF criteria 

for inclusion. To generate internal calibration curves for expression (see qPCR section for 

detail), we also added one sham operated WT animal. 3) For immunolocalization of 
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hemoglobin in ischemic brain, we performed MCAO on 3 WT mice and 1 was excluded 

based on CBF. 4) For Western blot, we used two groups of samples. The first cohort is the 

same set used for RNA-Seq, and we extracted proteins from the TRiZol precipitated fraction 

as described below. For the second cohort, we included additional 8 WT and 7 KO mice, 

which include 2 sham animals for each genotype. For this cohort, 1 WT died during the 

surgery while 2 WT and 1 KO were excluded for not meeting the CBF criteria. These two 

cohorts of samples generated similar changes in hemoglobin, and were combined for 

statistical analysis.

Brain RNA isolation, Reverse Transcription (RT), and quantitative Polymerase Chain 
Reaction (qPCR)

Total RNA from mouse brain (perfused with saline or PBS prior to isolation) was isolated 

similar to what was described previously (19). Briefly, RAN was extracted using TRIzol and 

a RNeasy Kit (Qiagen), following manufacturer’s instruction. RNA was treated with DNA 

free (ThermoFisher) to remove genomic DNA. For RT-qPCR, RT was performed using 

random hexamer. qPCR was performed in 96 well plates using the iTaq Universal SYBR 

Green SMX and CFX connected optical module (Bio-Rad, Hercules, CA). PCR primers 

were listed in the table below. All PCR reactions were performed with the following steps: 

95°C for 3 min; 40 cycles of denaturation, 95°C for 15 sec and annealing/extension, 60°C 

for 30 sec. All RT-qPCR was repeated three times. To calibrate for the relative level of 

expression, we used a standard curve method similar to what was described in previous 

studies (22, 23). Briefly, serial dilution of 1:1, 1:3, 1:9, 1:27, 1:81 of the RT product of a 

control (sham-operated) brain was used for qPCR to generate a set of standard curves for all 

genes. With these curves, the raw CT number of each gene in ischemic samples was back 

calculated to the loading amount (relative to the standard). To determine the relative change 

in expression, the calibrated value of each gene was then normalized to that of the internal 

control (Hprt or GAPDH). The ratio was used for comparing the expression level between 

groups. Both normalizing to Hprt (Fig. 6) or GAPDH (not shown) yielded similar results. 

Primers used are listed in Table 1.

mRNA-Seq and analysis

Gene expression changes were examined acutely (24 hr after tMCAO or sham operation). 

Library construction, RNA sequencing (Illumina platforms), and generation of FPKM and 

initial set of differential genes were performed by Novogene, Inc. Bioinformatics was 

performed similar to the procedures described in previous studies (24–26). Reference 

genome and gene model annotation files were downloaded from genome website browser 

(NCBI/UCSC/Ensembl) directly. Indexes of the reference genome were built using STAR 

and paired-end clean reads were aligned to the reference genome using STAR (v2.5). STAR 

used the method of Maximal Mappable Prefix (MMP) which can generate a precise mapping 

result for junction reads. Alignments were parsed using Tophat program and differential 

expressions were determined through DESeq2/edgeR. GO and KEGG enrichment were 

implemented by the ClusterProfiler. For quantification of gene expression level, HTSeq 

v0.6.1 was used to count the read numbers mapped of each gene. FPKM of each gene was 

calculated based on the length of the gene and reads count mapped to this gene (27).
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Initial analysis of differential expression between two conditions/groups (two biological 

replicates per condition) was performed by Novogene using the DESeq2 R package 

(2_1.6.3). DESeq2 provides statistical routines for determining differential expression in 

digital gene expression data using a model based on the negative binomial distribution. The 

resulting P-values were adjusted using the Benjamini and Hochberg’s approach for 

controlling the False Discovery Rate (FDR). Genes with an adjusted P (Padj) value <0.05 

found by DESeq2 were assigned as differentially expressed. Gene Ontology (GO) 

enrichment analysis of differentially expressed genes was implemented by the clusterProfiler 

R package, in which gene length bias was corrected. For subsequent analysis of groups of 

selected genes (e.g., top 500 changes, or grouped genes identified by GeneVenn analysis), an 

online g:Profiler program (https://biit.cs.ut.ee/gprofiler/gost) was used for enrichment 

analysis (28). Ontology terms with corrected Padj value < 0.05 were considered significantly 

enriched by differential expressed genes. For test of the enrichment differentially expressed 

genes in KEGG pathways, clusterProfiler R package was used. For comparing differential 

genes to generate Venn diagrams, we used a Gene Venn Program (http://

genevenn.sourceforge.net/) (29).

Brain isolation, Cryosection, and Immunostaining

The mice were perfused with phosphate buffered saline (PBS) or saline and brain was 

rapidly isolated, snap-froze on dry ice, and stored at −80°C till use. For histology, saline 

perfusion was followed by 30–50 ml of 4% paraformaldehyde in PBS. The brains were then 

isolated and post-fixation in 4% paraformaldehyde (for one night) or 2% paraformaldehyde 

(for two nights). The brains were protected overnight in 15% and then 25 or 30% sucrose, 

and sectioned coronally at 12 or 16 μm thickness. The slices were adhered to SuperFrost 

plus glass slides, air-dried overnight, and stored at -20°C until use. For immunostaining, we 

used a protocol similar as previously described (21). Briefly, the slices were rehydrated and 

permeabilized with PBS 1% Triton for 1–2 hrs. The sections were blocked sequentially (20–

30 min each at room temperature) with 50 mM NH4Cl and blocking buffer (PBS, 10% 

Horse serum, 5 mg/ml BSA, 0.2% Triton X-100). For antibody dilution and washing, the 

buffer was a 1:4 dilution of the blocking buffer with PBS. We added primary antibodies to 

the slides and incubated the slides overnight at 4°C in a moisturized dark box, washed three 

times (5 min per wash with gentle rocking at room temperature) with washing buffer, and 

added Alexa- or DyLight-conjugated secondary antibodies (1:600–1000 dilutions) and 

incubated at room temperature for 2 hr. We mounted the slides with either a homemade 50% 

glycerol based mounting media or with fluorescence mounting media (Agilent Dako) and 

imaged with a Nikon A1R confocal microscope.

Western blot.

For Western blot analysis, freshly isolated brain tissue was stored at −80 °C until use. To 

lyse fresh tissue, lysis buffer was PBS with 1% Triton X-100, 0.5% SDS, with freshly added 

protease inhibitors and phosphatase inhibitors. Lysates were sonicated briefly and cleared by 

centrifugation. To extract protein following TRIzol isolation of RNA, we used a protocol 

similar to what was described by the manufacturer’s instructions and used in previous 

studies (30, 31). Briefly, following RNA extraction, 0.3 ml of ethanol per ml TRIzol was 

added to the leftover organic phase to precipitate DNA. The resulting phenol-ethanol phase, 
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which contains proteins, was transferred to a new tube. 2–3 volume of isopropanol was 

added to the phenol-ethanol solution to precipitate proteins. Samples were vortexed and 

incubated for 10 min at room temperature and pelleted by centrifugation at 15000 rpm for 10 

min. Pellet was washed rigorously 2–3 times with 0.3 M guanidine hydrochloride in 95% 

ethanol, followed by 4–6 times in 95% ethanol until the pellet no longer carrying the pink 

color from TRIzol. All trace ethanol was removed from the pellet. To dissolve proteins, 2% 

SDS was added to the pellet and incubated on heating block. Pellet was pipetted every 10–

15 mins until all pellet was dissolved.

Protein concentration was determined using a Bio-Rad Rc-Dc protein assay kit. Equal 

amount of protein was loaded per lane. Before loading, 1/2 volume of 3x SDS sample buffer 

was added to the lysates, and incubated at ~50 °C for 15–20 min. The samples were 

separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. Blotting was 

performed according to instructions of the Odyssey Imaging System (Li-cor). Briefly, 

membranes were blocked in blocking buffer (0.1% casein in 0.2×PBS pH 7.4) for 1 h. 

Primary antibodies were diluted with blocking buffer containing 0.1% Tween-20 and 

incubated at 4 °C overnight or at room temperature for 2 h. Secondary antibodies were 

diluted in blocking buffer containing 0.1% Tween-20 and 0.01% SDS and incubated at room 

temperature for 1 h. Blots were imaged using an Odyssey Infrared Imaging System 

according to manufacturer’s instructions. Densitometry of imaged bands was performed as 

described earlier (32).

Confocal Microscopy

For confocal imaging, images were captured using a laser scanning microscope (Nikon 

A1R), similar to procedures described earlier (21). Briefly, illumination was provided by an 

argon (Ar, 458, 488, 514 nm lines) and a 563 diode laser, and a 642 laser. Green, red, and far 

red channels were imaged sequentially to eliminate bleed-through, using 488 nm excitation 

and a 525/50 emission filter, 563 nm excitation and a 595/50 emission filter, and 642 nm 

excitation and 710/75 emission filter, respectively. Images were captured with a 4×, 20×, or 

60×/1.2 PL APO water lens. Each captured image was an average of 4 scans in a single 

plane.

Statistical analysis

Statistics for differential gene analysis was detailed above in the RNA-Seq section. For other 

analysis, we used GraphPad Prism and Microsoft Excel. For comparisons between two 

groups, we used 2-tailed Student’s t-test or Mann-Whitney U test. For multiple comparisons, 

we used ANOVA followed by Tukey HSD post hoc correction. Differences were considered 

significant if p < 0.05.

Data availability

All data supporting the findings of this study are available within the paper and its 

supplementary information files. Additional inquires can be directed to the corresponding 

author.
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RESULTS

GPR68 deletion on gene expression at baseline

To gain insight into the mechanism by which GPR68 regulates brain function, we compared 

transcriptome changes between sham-operated groups. Figure 1A shows the overall 

experimental design. At 24 hr after operation, we isolated ipsilateral and contralateral brain 

tissue as illustrated, extracted total RNA, and performed RNA-Seq of the transcriptome. The 

top two upregulated genes in the knockout (KO) were serpina3n and a pseudogene RP23–

8J15.5, while the top two downregulated genes were Gm15446 and mt-Nd3 (Figure 1B). 

GPR68 deletion preferentially downregulated genes enriched in Gene Ontology (GO) terms 

of misfolded protein binding and ER chaperone complex (Figure 1B–D). The genes 

clustered in these functions include HSPA1B, HSPA5 and SDF2L1. In addition, 8 of the 25 

downregulated genes clustered to GO- response to organic cyclic compound. For the genes 

upregulated in GPR68−/−, significantly different GO functions include detoxification 

function of copper ion and inorganic compounds and the stress response to copper. The two 

genes clustered in these functions are metallothionein 1 (MT1) and 2 (MT2).

Ischemia-induced expression change at 24 hr after reperfusion

Next, we examined acute transcriptome change following tMCAO. Figure 2A presented the 

heatmap comparing all conditions. The largest profile change was observed between 

treatment groups, with the ipsilateral (injury) side exhibited largest difference compared to 

the sham group. In contrast, the contralateral side of both genotypes exhibited profiles closer 

to the sham group as compared to the ipsilateral post-tMCAO brain. To determine key 

ontology functions altered by ischemia, we performed GO analysis based on top 500 up- and 

down-regulated genes in WT ipsilateral brain tissue (as compared to sham group). For 

upregulated genes, the main GO clusters include cytokine signaling, chemokine signaling, 

immune responses, and response to stress (Figure 2B). For downregulated genes, the key 

clusters involve channel activities, transporter activities, and synaptic signaling.

To compare ischemia-induced changes between WT and KO, we performed Venn analysis 

on genes which exhibited changes in the ipsilateral vs. sham comparison of the two 

genotypes. For genes which exhibited an increase of >1 fold in the ipsilateral side, WT had 

1904 genes while knockout had 1415 genes. Of these upregulated genes, the two genotypes 

shared 1085 of them (Figure 2C, see Supplemental Table 1 for detailed list of differentially 

expressed genes). For genes which exhibited >50% downregulation, WT and GPR68−/− had 

689 and 438 genes, respectively. Among these, the two genotypes shared 220 genes (Figure 

2D, Supplemental Table 1).

In Gene Ontology analysis, most of the upregulated genes shared between the two genotypes 

were clustered in GO-MF related to receptor signaling, cytokine and immune function, or 

protein/ligand binding (Figure 2E, supplemental workbook 1). In contrast, most of the 

downregulated genes shared between WT and knockout were clustered in Molecular 

Functions related to channel activities. For GO-BP or KEGG terms, most of the genes 

upregulated were related to immune/stress responses and related signaling pathways. The 

downregulated genes were clustered to synaptic related functions, including trans-synaptic 

Zhou et al. Page 7

FASEB J. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



signaling, calcium and cAMP signaling, addiction, and LTP (Supplemental workbook 1). 

For genes exhibited unique expression changes in WT, those upregulated were clustered in 

structural function and protein binding while the downregulated genes were mostly related 

to channel/transporter activity or function. In contrast, the 330 genes uniquely upregulated in 

the ipsilateral side of GPR68−/− exhibited diminished clustering, as evidenced by limited 

numbers of MF with a significant Padj value (Figure 2E).

GPR68 deletion abolished tMCAO-induced upregulation of hemoglobin

To generate more insight into how GPR68 effects ischemic injury, we compared differential 

expression profiles of contralateral and ipsilateral sides between the two genotypes. For 

contralateral side, KO had 14 genes downregulated and 5 genes upregulated as compared to 

the WT (Figure 3A). For ipsilateral side, KO had 19 genes downregulated and 7 genes 

upregulated (Figure 3B). Among these genes, 9 downregulated and 3 upregulated genes 

occurred in both contralateral and ipsilateral sides.

In our recent studies, we showed that GPR68 mediated a protective function against 

ischemia-induced brain injury (17, 19). We reasoned that the candidate genes contributing to 

this protective function would a) exhibit differentially alterations only in the ipsilateral brain 

of GPR68−/− animals, and b) exhibit either no change or changes in opposite direction as 

compared to the WT. Therefore, to narrow down potential candidate genes to explain 

GPR68-dependent mechanism, we performed additional analysis as described below.

First, we compared genes which exhibited upregulation in KO (as compared to the WT) in 

the sham, tMCAO contralateral, and tMCAO ipsilateral groups. Among the 7 genes 

upregulated in tMCAO-ipsilateral brain in the GPR68−/− vs. WT comparison, 5 of them 

were unique to this group and not upregulated in either sham KO vs. WT or tMCAO-

contralateral KO vs. Wt comparisons (Figure 4A). However, none of these 5 genes exhibited 

downregulation in the WT ipsilateral vs. sham comparison (Figure 4B). When we compared 

against the genes which exhibited upregulation following tMCAO in WT and GPR68−/−, 

the only gene shared among the three groups was Gtse1 (Figure 4C). Thus, these genes do 

not fit candidates for protective mechanism. Instead, their upregulation likely contributed to, 

or was a consequence of, worsened injury in the knockout.

Next, we examined genes downregulated in the knockout. When compared against GPR68-

dependent downregulated genes in the sham and tMCAO-contralateral group, 9 of the 19 

genes downregulated in the KO vs. WT ipsilateral comparison were unique to this group 

(Figure 5A). If these genes have protective function, we expect that post-MCAO WT brain 

will exhibit upregulation at the ipsilateral side. Indeed, when we compared with the genes 

upregulated in WT ipsilateral brain (vs. sham control), 7 of these 9 genes exhibited 

upregulation in ipsilateral brain of WT but not GPR68−/− animals (Figure 5B). Clustering 

analysis with these genes showed significant changes in GO-MF in haptoglobin binding, 

hemoglobin complex, oxygen binding, and antioxidant activities; all involve three genes 

encoding hemoglobin- hba-a1, hbb-bs, and hbb-bt. (Figure 5C). We examined specifically 

the RNA-Seq result for the hba and hbb genes. None of the genes exhibited difference 

between sham controls while all exhibited preferential upregulation in WT MCAO tissue 

(Figure 5D).
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Ischemia induced neuronal hemoglobin in a GPR68-dependent manner.

In multiple studies, an increase in neuronal hemoglobin or related proteins, including 

haptoglobin and neuroglobin, provides protection against oxidative stress or ischemia (33–

39). Thus, our RNA-Seq result suggests that a GPR68-dependent upregulation of 

hemoglobin expression serves as one potential mechanism by which GPR68 leads to 

neuroprotection in ischemia. To further validate the RNA-Seq result, we performed RT-

qPCR analysis on post-tMCAO ipsilateral brain. The expression was calibrated to an internal 

control Hprt using a standard curve method with serial dilutions as described in previous 

studies (22, 23). Compared to the WT tissue, GPR68−/− tissue exhibited significant 

reduction of all three hemoglobin genes (Figure 6A). Next, we asked whether MCAO-

induced increase in hemoglobin in WT brain was localized to neurons. We performed 

immunostaining with a hemoglobin antibody in WT post-MCAO brain sections. 

Contralateral striatal (Figure 6B) or cortical (not shown) exhibited little hemoglobin signal. 

In contrast, ipsilateral side exhibited increased hemoglobin immunofluorescence, with most 

of the increase colocalized with NeuN. Lastly, we asked whether the changes in hemoglobin 

gene expression resulted in changed protein level, and whether the change depends on 

GPR68. We isolated brain tissue from sham and tMCAO brain, lysed the ipsilateral brain, 

and perform Western blot analysis using an anti-hemoglobin antibody. tMCAO induced an 

increase in hemoglobin in WT but had diminished effect in GPR68−/− tissue (Figure 6C).

Expression profile of acid-sensitive channels and receptors.

Global deletion of GPR68 raises a question of whether it alters the expression of other 

proton receptors. To address this question, we examined the RNA-Seq result of three ASIC 

genes (Asic1–3) which encode the three functional ASIC subunits, the PAC (TMEM206) 

gene, and four proton-sensitive GPCRs: Gpr4, −65, −68, and −132. Among all these proton 

receptors, Asic1 and Asic2 exhibited relatively higher expression, as evidenced by their 

higher FPKM value (Figure 7A). PAC, Gpr4, and Gpr68 exhibited lower expression while 

Asic3, Gpr65, and Gpr132 were barely detectable. For all these proton-sensitive channels 

and GPCRs, the WT and KO mice exhibited similar levels of expression at baseline (Figure 

7A). Next, we asked whether their expression level changes in response to ischemia. At 24 

hr after tMCAO, we observed a decrease in Asic1 expression and an increase in the 

expression of Gpr4 and Gpr65 in the ipsilateral brain (Figure 7B). However, there was no 

genotype difference in expression levels of these receptors in either contralateral or 

ipsilateral brain tissue.

Comparison with published gene profile studies

Multiple studies have examined ischemia-induced changes in rodents, either in whole brain 

or in a cell-specific manner (24–26, 40–42). To determine whether our ischemic profile 

change recapitulates key observations reported in previous studies, we compared the 

differential genes observed here with two studies which examined MCAO-induced changes 

in mice. The first study used a tMCAO model, though the duration was 30 min (26). Among 

the 50 genes which exhibited upregulation at multiple time points in the Fury et al. study, 39 

were shared with the upregulated gene observed here (Figure 8A, left Venn diagram). GO 

analysis showed that these genes mainly cluster in protein binding, immune related 
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functions, and responses to cytokine and stress. For the seven consistently downregulated 

genes, six were shared with the downregulated list in this study (Figure 8A, right Venn 

diagram). Next, we compared our result with that of a permanent MCAO model (24). In this 

study, the authors categorize the differentially upregulated genes based on their function. 

Figure 8B shows the comparison on two categories- both belong to inflammatory responses. 

Among the 41 upregulated genes in the cytokine/complement and receptor group reported in 

the previous study, 34 were present in our upregulated gene list. For the second group, which 

genes of surface antigens, C-type lectin, and major histocompatibility complex (MHC), our 

list included 44 out of 47 genes reported in the Zhang et al. study. Thus, the comparison with 

both studies shows that our current analysis captured the key upregulated genes, at least 

those within immune and/or inflammatory related functions.

DISCUSSION

Brain pH reduction is prevalent in both physiological and disease conditions. Earlier studies 

on brain acid signaling have primarily focused more on acid-sensing ion channels and 

calcium signaling (43–46). Besides the ASICs, we and others recently showed that neurons 

across multiple brain regions express GPR68, a proton-sensitive GPCR (12, 17, 19, 47). 

GPR68 deletion reduces hippocampal LTP and compromises fear-related behavior in a step-

through passive avoidance test (12). In addition, GPR68 deletion worsens acidosis- and 

ischemia-induced neuronal injury while its overexpression reduces ischemia-induced brain 

infarct (17, 19). These data demonstrate that GPR68 plays an important part in neuronal 

response to injuries. In line with these data, our results here provide new insights into how 

GPR68 alter neuronal responses to stress or injurious stimuli.

To generate insights into ischemia-induced transcriptome changes, several previous studies 

have performed RNA-Seq analysis in vitro as well as at both acute and chronic phases of 

focal ischemia in vivo (24, 26, 40, 42). The exact model used in these and current studies 

differ in experimental details, such as transient vs. permanent occlusion, duration of the 

tMCAO model, time points analyzed, or animal species (mouse vs. rat). Nevertheless, as 

shown in Figure 8A & B, our study shared some of the key findings reported in the previous 

studies (24, 26). In addition, though there were differences in the exact fold change, 9 of the 

10 highest expression genes, including Mmp3, Il11, Ccl4, Ccl2, Arg1, Il6, Tfpi2, Ptx3 and 

Ccl12, at day 1 following a mouse permanent MCAO model (24) were observed in the top 

500 genes upregulated in our analysis. GO analysis showed that these genes mainly cluster 

in cytokine activity, cytokine receptor binding, receptor ligand activity, and signaling 

receptor activator activity. Another study revealed several top changed differential genes at 

24 hr after 90 min tMACO in rat. These genes include eight upregulated genes- Serpina3n, 

Hspa1a, Hspa1b, Msr1, glycam1, spp1, Lcn2, ptx3, and five downregulated genes- Neu2, 

Rgs9, adora2a, gpr6, gpr88 (40). All these genes, except Neu2, were present in the top 500 

up- and down-regulated genes in our current study. These comparisons suggest that our 

study is consistent with previous similar transcriptome studies on both gene expression 

profiles and major changes in gene ontology. Specifically, upregulated genes from most of 

the studies cluster into functions related to immune response, stress response, or 

inflammatory pathways.
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The comparison between WT and KO provides potential explanations on how GPR68 alter 

neuronal function and ischemia outcome. Table 2 summarizes the key downregulated genes 

in KO, at both baseline and following ischemia. At baseline, GPR68 deletion led to a 

preferential alteration in genes related to misfolded protein binding, response to organic 

cyclic compounds, and copper detoxification. Three genes downregulated in the misfolding 

protein binding were HSP1B (HSP27), HSPA5 (GRP78, HSP70), SDF2L1, which play 

important roles in ER stress and related responses (48, 49). In previous studies, impaired 

chaperone function associates with increased susceptibility to ischemic injury while 

overexpression of HSP70 leads to protection (50–53). Thus, downregulation of these 

proteins in KO is consistent, and may provide one explanation, for the exacerbated ischemic 

injury in these animals (17, 19). The fitting into Go term “response to organic cyclic 

compound” implies a general role of GPR68 in cellular states or activities to various 

stimulations. Eight genes clustered in this function include ND3, EGR1, MMP14, FOSB, 

HSPA5 (GRP78), SSRT4, TMBD, and ARNTL. All of them contribute to cell metabolism or 

stress responses (54–63). As summarized in Table 2, all except SSRT4 exhibit direct 

association or contribution to stroke outcome or cerebrovascular function.

In our previous studies, we showed that GPR68 deletion led to larger infarct following 45 

min tMCAO (17, 19). In a separate study, Sato et al. reported no difference after 30 min 

tMCAO (64). We do not know the exact reason for this discrepancy in conclusion. However, 

the two studies used two different GPR68−/− mice. In addition, the two studies differ in 

tMCAO duration, suture type (Doccol #702023 in our study vs. #602191 in Sato et al.), and 

whether cerebral blood flow was used as inclusion/exclusion criteria. Nevertheless, the 

GPR68-dependent changes in gene expression support a protective role of GPR68 activation. 

Other than the reduction in chaperone function at baseline as described above, half of the 

438 genes downregulated in GPR68−/− is unique to the knockout. For these genes uniquely 

downregulated in KO, the top GO functions include calmodulin-dependent kinase activities 

and calmodulin binding (Figure 2E). Several key genes clustered here include CAMK2A 

and CAMK2B, CAMKIV, ITPKA (Supplemental workbook 1). This result is consistent with 

the fact that GPR68 primarily couples to Gq and elicits calcium and IP3 signaling. Further, 

direct comparison with the genes changed in WT ipsilateral brain generated additional 

information to support and explain the protective mechanism of GPR68. GPR68 deletion led 

to a downregulation of seven genes following tMCAO, including H2-Aa, Hba-a1, Hbb-bs, 

Hbb-bt, Ppbp, Siglece, and Tagln. The upregulation of Hba-a1, Hbb-bs and Hbb-bt is 

consistent with protective of hemoglobin or related protein in cerebral and myocardial 

ischemia conditions (33, 34, 38, 65, 66). In addition, as detailed in Table 2, all the other four 

genes- H2-Aa, Ppbp, Siglece, and Tagln- exhibit protective effect in either central nervous 

system or cardiovascular system (67–71). Since the expression of these genes were 

decreased in a GPR68-dependent manner, the evidence together suggests the following 

mechanisms (Figure 8C): 1) GPR68 deletion at baseline, through reducing heat shock 

proteins, MMP14, THBD, and several genes in cellular response to stimulation, increases 

the susceptibility of the brain to injurious insults such as ischemia; 2) the downregulation of 

protective genes following ischemia provides another route for the exacerbated ischemia 

injury in the KO.
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Since the three hemoglobin genes cluster into functions related to oxidative responses, 

which may explain the neuroprotective effect of GPR68, we further verified this RNA-Seq 

result using RT-qPCR, Western blot, and immunostaining. In our immunofluorescence 

analysis, WT brain exhibited an upregulation of hemoglobin in neurons. This ischemia-

induced neuronal hemoglobin expression is consistent with previous reports (33, 35). Our 

western blot result further showed that ischemia-induced expression of neuronal hemoglobin 

requires GPR68. In previous studies, ischemic preconditioning increased neuronal 

hemoglobin while Rotenone, which inhibits mitochondrial function, reduced neuronal 

expression of hemoglobin (33, 72). One important note is that an increase in hemoglobin in 

neurons has completely different outcome from the release of extracellular hemoglobin from 

the blood. An increase in extracellular hemoglobin, e.g., from intracerebral hemorrhage, is 

detrimental to cells (73, 74). In contrast, intracellular hemoglobin most likely serves as a 

ROS scavenger and is neuroprotective (33). Erythropoietin, a hematopoietic growth factor, 

upregulates neuronal hemoglobin and protects mitochondrial function (35, 36). Similarly, 

upregulation of neuroglobin, a close homolog of hemoglobin, protects neurons from hypoxic 

and ischemic injuries (34, 38). Together, these data support that upregulation of neuronal 

hemoglobin provides one mechanism to explain GPR68-induced protection in ischemia. One 

important property of hemoglobin is that the oxygenated and deoxygenated forms of 

hemoglobin have pKa of ~6.8 and ~7.8, respectively (75–77). Thus, other than functioning 

as oxygen carrier and oxidant scavenger, hemoglobin itself can sense intracellular pH 

changes and serve as a good buffering system (76, 78, 79). These data raise intriguing 

perspectives on what additional roles neuronal hemoglobin may play following tMCAO, 

which increases both ROS and proton concentration. To better interpret how GPR68 

achieves its neuroprotective function, it will be important to establish a causal relationship 

between GPR68 signaling and neuronal hemoglobin expression, and determine the 

functional importance of upregulated neuronal hemoglobin following brain ischemia.

Our results thus provide insights regarding GPR68 function in ischemic injury. Though 

ischemia reduced brain pH, ischemia in vivo is complex and alters multiple aspects of 

cellular signaling. Thus, the observed gene profile changes in GPR68−/− most likely involve 

both acid-dependent mechanism as well as additional pathways not directly downstream of 

pH reduction. Other than neurons, GPR68 is expressed in multiple peripheral tissues as well 

as upregulated in several types of cancers (80). Thus, our RNA-Seq result will also provide 

insights into how GPR68 regulates cellular function in general. However, the expression of 

GPR68 outside of neuron also raised one important consideration regarding developmental 

compensation in global knockouts. As one effort to address this question, we analyzed the 

proton-sensitive receptors and found that WT and KO did not differ in expression of ASICs, 

PAC, and proton-sensitive GPCRs. However, it is possible that developmental compensation 

contributes to part of the baseline changes in signaling. To unequivocally address this issue, 

it will be of future interest to use inducible conditional knockout models to determine the 

acute/direct effect of GPR68 deletion in neurons.
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Refer to Web version on PubMed Central for supplementary material.
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NONSTANDARD ABBREVIATIONS

GO Gene Ontology

FPKM Fragments per kilo base per million mapped reads

KEGG Kyoto Encyclopedia of Genes and Genomes

KO GPR68−/−

LTP long-term potentiation

MCAO middle cerebral artery occlusion

MF Molecular Function

OGR1 Ovarian cancer G protein coupled receptor 1

qPCR quantitative Polymerase Chain Reaction

RT reverse transcription

WT wild-type
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Figure 1. Transcriptome changes in GPR68−/− brain.
(A) Experimental outline and analysis scheme. Top row shows the experimental flow chart 

for the 4 sets of experiments (exp 1–4) performed in this study. The table below shows the 

number of animals studied for each experiment (see Methods for more details on inclusion/

exclusion criteria and number of animals excluded). Lower left box shows the scheme of the 

MCAO surgery. At 24 hr after the reperfusion, ipsilateral and contralateral brain tissue, 

approximately between AP 1.5 and −2.5, was isolated as illustrated. The boxed region on the 

right shows the scheme of three main groups of gene expression analysis: I. Baseline 

difference between WT and KO; II. Ischemia-induced changes; III. GPR68-dependent 

differential expression after ischemia. (B) Heat map and (C) Volcano plot showing the top 

25 up- and down-regulated genes in GPR68−/− (vs. WT) brain. Sham operated brain tissues 
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(3 WT and 3 KO) were used for RNA isolation and RNA-Seq analysis. In B, each row 

represents the profile of one animal. For all genes listed here, the differences between the 

two genotypes had the adjusted p value (PAdj) < 0.00001. In C, the X axis shows the fold 

change (log2 value) of the genes in KO as compared to WT, while the Y axis shows the PAdj 

value (in −log10 format). (D) Summary graph showing significantly changed GO functions 

of the top 25 downregulated (in blue bar) and upregulated (in red bar) genes. To the left of 

the Y axis shows the GO terms. The specific genes clustered to the corresponding GO 

function are shown on the right side of the bars. In C and D, red dashed lines on graphs 

indicate the line of Padj = 0.05.

Zhou et al. Page 20

FASEB J. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Ischemia-induced gene profile changes.
(A) Heatmap showing transcriptome profile in sham operated, MCAO-contralateral brain, 

MCAO-ipsilateral brain of WT and GPR68−/− animals. (B) GO analysis of top 500 

ischemia-altered genes in WT. The list shows the top 10 functions in MF (Molecular 

Function) and BP (Biological Pathway). (C & D) GeneVenn summary of ischemia-induced 

differential genes in WT and KO. For each genotype, ischemia-induced changes were 

analyzed by comparing ipsilateral brain to the sham control. The genes upregulated for >1 

fold or downregulated for >50% in each genotype were used for GeneVenn analysis as 

described in Methods. (E) GO Molecular Function summary of ipsilateral side upregulated 

and downregulated genes (see Supplemental Table 1 for the gene list in each category). 

Genes upregulated or downregulated were separated into three categories: 1) WT KO shared 
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refers to those which exhibited changes in both genotypes; 2) WT only for those changed 

solely in WT; c) KO only for those changed solely in the knockout. For detailed lists of all 

functional enrichment, see Supplemental Workbook 1.
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Figure 3. GPR68-dependent changes after stroke in contralateral and ipsilateral brain.
(A & B) Heatmap showing differential genes in the GPR68−/− vs WT comparison of post-

tMCAO contralateral (A) and ipsilateral (B) brain tissues.
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Figure 4. GeneVenn analysis of upregulated genes in GPR68−/−.
(A) GeneVenn analysis of genes upregulated in the GPR68−/− vs WT comparisons. The two 

genotypes were first compared within Sham, MCAO ipsilateral, and MCAO contralateral 

groups. The genes upregulated in KO in each of the three comparisons were further analyzed 

by a GeneVenn program to identify shared and distinct expression among the groups. (B & 
C) GeneVenn analysis of 1) genes upregulated in KO from MCAO ipsilateral comparison 

(i.e., vs. WT MCAO ipsilateral tissue) with 2) those downregulated in (B) or upregulated (C) 

from the ipsilateral vs sham comparison of the same genotype. Note that the majority of the 

genes upregulated in the KO ipsilateral vs WT ipsilateral comparison were not present in all 

other differential comparisons.
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Figure 5. GeneVenn analysis of downregulated genes in GPR68−/−.
(A) GeneVenn analysis of genes downregulated in the GPR68−/− vs WT comparison in 

Sham, MCAO ipsilateral, and MCAO contralateral sides. (B) GeneVenn analysis of genes 

downregulated in ipsilateral side of GPR68−/− vs. WT comparison and those upregulated 

(B) in the ipsilateral vs sham comparisons of either WT or GPR68−/− brain. Genes in gold 

font were present only in the KO ipsilateral group in (A) while shared with those 

upregulated in WT ipsilateral vs sham comparison in (B). These genes fit the expected 

pattern for GPR68-dependent protective candidates (see Text and Table 2 for more 

explanation). (C) Summary graph showing significantly changed GO-molecular function of 

downregulated genes in GPR68−/− vs. WT ipsilateral comparison. (D) RNA-Seq result of 
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hemoglobin family genes. FPKM was used to plot the expression level. P values on graph 

were Padj values determined in differential expression analysis by DESeq2. Each dot 

represented one animal.
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Figure 6. GPR68 mediates ischemia-induced upregulation of hemoglobin.
(A) RT-qPCR verification of the three hemoglobin genes which were enriched in most 

Molecular Functions in Figure 5. The expression level was first normalized to a standard 

curve, as described in Method. Then the relative ratio of Hba or Hbb genes were normalized 

to that of Hprt. Each dot represents one animal. P values were from Mann-Whitney U test. 

(B) Immunolocalization of hemoglobin. Cryosections of WT tMCAO brain was stained with 

anti-hemoglobin (green) and anti-NeuN (red). Images were from contralateral (left panel) 

and ipsilateral (right panel) striatum. Note that most of increased hemoglobin signals in the 

ipsilateral side colocalize with NeuN staining. (C) Western blot verification of hemoglobin 

levels after tMCAO. Ipsilateral brain tissues were collected from sham operated or tMCAO 

(45’) animals at 24 hr after surgery. Lysates were blotted for hemoglobin and GAPDH 
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(loading control). The summary was from 3 experiments with each dot represent one mouse. 

To allow comparison between the 3 cohorts of animals, average raw pixel ratio of 

Hemoglobin to GAPDH of WT sham in each experiment was set arbitrarily to 1.
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Figure 7. Expression of proton-sensitive receptors in WT and KO brain.
(A) Summary diagram showing the expression level of proton-sensing receptors. The 

Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values from RNA-

Seq were used to determine the relative expression of these receptors. Each dot represents 

one animal. For all comparisons, there was no significant differences between the two 

genotypes (Mann-Whitney U test). (B) Ischemia-induced changes. Sham (baseline) values 

were the same as in (A). p values shown were from One-way ANOVA with Tukey’s post hoc 

test. All other comparisons not labeled were not significant.
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Figure 8. Comparison of WT differential expression studies and summary of GPR68-dependent 
changes.
(A & B) Comparison of current study with a 30 min tMCAO model (A) and a permanent 

MCAO model (B). Venn diagram analyzed the genes changed in post-ischemia WT in our 

study vs. the differential genes reported in specific categories (as illustrated on the Venn 

diagram) in the published studies. Note that the majority of previously identified differential 

genes were observed in the current study. (C) Summary diagram shows the key changes in 

GPR68−/− mice at baseline and after ischemia. In Post-Ischemia diagram on the right, the 

functions listed are those upregulated specifically in WT. The genes listed cluster to multiple 
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functions on the left and were downregulated in KO. For details on the link of the genes to 

the predicted outcome, see Table 2 and text.
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Table 1.

Primers used for PCR.

Gene Forward primer 5’-3’ Reverse primer 5’-3’

Mouse Hbb-bs TGTGTTGACTCACAACCCCA ACTTCATCGGCGTTCACCTT

Mouse Hbb-bt AGGCTCCTGGGCAATATGAT AGCAGAAAAGGGGCTTAGTGG

Mouse Hba-a1 TGCATGCCTCTCTGGACAAAT GCAGAAGGCAGCTTAACGGT

Mouse GAPDH GGTGCTGAGTATGTCGTGGAGTCTA AAAGTTGTCATGGATGACCTTGG

Mouse Hprt AGCCTAAGATGAGCGCAAGT GGCCACAGGACTAGAACACC

FASEB J. Author manuscript; available in PMC 2022 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhou et al. Page 33

TABLE 2.

GPR68-dependent downregulated genes and their function.

Category Gene Encoded protein Protection-related function and references

Baseline

Misfolded protein & 
chaperone

HSPA1B heat shock 70 kDa protein 1B Antiapoptotic, neuroprotective in CNS (81).

HSPA5 heat shock protein family A member 
5

Promotes cell survival under conditions of ER 
stress (82), neuroprotective in ischemic injury 
(60)

SDF2L1 stromal cell-derived factor 2-like 
protein 1

Promotes the chaperone activity of ERdj3, 
inhibits protein aggregation (83).

Extracellular 
matrix degradation MMP14 matrix metalloproteinase-14 Protect against oxidant injury (84), 

cardioprotection (85).

Blood coagulation THBD thrombomodulin Protective in intravascular injury (86).

Signaling

MT-ND3 NADH dehydrogenase subunit 3 Cardioprotective (87).

EGR1 early growth response protein 1 Important for synaptic plasticity, wound repair, 
inflammation, and differentiation (88).

SSTR4 somatostatin receptor type 4
Proliferative effect, anxiolytic and 
antidepressant-like effects, analgesic and anti-
inflammatory actions (89).

FOSB protein fosB Promotes stress resilience, antidepressant 
action (90), neuroprotective (91).

ARNTL aryl hydrocarbon receptor nuclear 
translocator-like protein 1

Protective in neuronal redox homeostasis and 
neurodegeneration (92).

Post-
ischemia

hemoglobin

Hba-a1 hemoglobin alpha chain

Neuroprotective (33, 34, 38, 65, 66).Hbb-bs hemoglobin beta adult s chain

Hbb-bt hemoglobin beta adult t chain

immunity and 
structural

Ppbp platelet basic protein Antimicrobial activity in tissue damage, injury 
and infection (67).

H2-Aa MHC class II antigen alpha chain Help removing toxic elements from CNS, 
promote recovery and repair (68).

Siglece sialic acid-binding Ig-like lectin 
12(Siglec-E)

Neuroprotective in preventing phagocytosis 
and the associated oxidative burst (69, 70).

Tagln transgelin Protective during myocardial ischemia (71)

The table summarizes the downregulated genes in GPR68−/− at baseline and after ischemia, as compared to WT brain at baseline or WT ipsilateral 
brain after tMCAO, respectively. The right column summarizes the studies which link the corresponding gene to protection.
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