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ABSTRACT 

Myelin formation during development and remyelination following injury is a 

tightly regulated process that is not well understood. The orphan G protein-coupled 

receptor Gpr62, which is enriched in mature myelinating oligodendrocytes, has previously 

been shown to be unnecessary in developmental myelination. Here, we show that Gpr62 is 

a regulator of process formation in remyelination by the Gli1-expressing neural stem cells 

from the subventricular zone of the adult mouse brain. Additionally, we demonstrate that 

Gpr62 signals through the cAMP pathway to downregulate oligodendrocyte maturation.  
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CHAPTER ONE: INTRODUCTION 

 

Myelin in the Central Nervous System 

Myelin is one of the most important evolutionary developments in the vertebrate 

nervous system. Myelin sheaths are formed in the central nervous system (CNS)s by 

oligodendrocytes (OLs) (1). These glial cells extend a highly variable 10-60 processes to 

multiple neurons that wind around the axon to form tight, compact layers (2). The myelin 

sheath insulates the axon and allows efficient signal propagation by saltatory conduction, 

resulting in a dramatic increase in the nerve conduction velocity. This is facilitated by the 

nodes of Ranvier; spaces in between the myelin wrapped areas that contain a higher 

concentration of ion channels in the axon than in the internodes (3). 

As the OL process extends around the axon circumference, it also expands 

longitudinally to increase the length of the myelin internode, the lengths of which range 

between 20-200 µm (2).  The OL processes creating the myelin layers are compacted until 

almost all the cytosol is extruded from the process. These layers are comprised mainly of 

lipids (70-80%) (4), including phospholipids, galactolipids, and cholesterols, the ratios of 

which change during development and maturation (5). These lipids are built from Fatty 

Acids (FAs), the hydrophobicity of which requires protein transporters to carry them 

through the aqueous cytosol. One group of these transporters is a family of 12 proteins-
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called Fatty Acid Binding Proteins (FABPs), of which three (FABP3, FABP5, and FABP7) 

are found in the CNS (6). Of these, FABP7 has been linked to oligodendrocyte 

differentiation (7). 

 

Myelin in Disease 

In addition to the role of myelin in increasing the speed of the action potential down 

the axon, OLs provide metabolic support to the axons, which can be quite long and 

therefore far from the neuronal cell body Myelinated neurons can become dependent on 

OLs, as evidenced by axonal degeneration and neuronal death following the loss of OLs, 

thus demonstrating the critical nature of this support (8, 9). Not surprisingly, many 

neurodegenerative diseases have comorbid demyelination. Well-known examples of these 

include Alzheimer’s disease (AD) and Parkinson’s disease (PD). While not well 

understood, AD and PD are primarily characterized biologically by protein dysregulation 

(amyloid-β & tau and α-synuclein, respectively) (10, 11) leading to neuronal cell death and 

demyelination which manifests clinically as dementia and motor control deficits. In 

contrast, Multiple Sclerosis (MS) is an autoimmune demyelinating disease of the CNS, the 

lesions of which can be seen in diagnostic imaging and post-mortem histology The most 

common form of MS is the relapsing-remitting form (RRMS), where patients have periods 

of myelin loss (relapse) alternating with periods of remyelination (remission). This can 

continue for decades and eventually progress to secondary progressive MS (SPMS), where 

the disease grows progressively worse with little or no recovery. The most severe form of 
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MS, primary progressive (PPMS), is characterized by persistent deterioration of 

myelination with little or no recovery from onset (12, 13). Particularly in MS, finding 

solutions to regenerate myelin following a demyelinating event will present a giant leap 

forward in therapeutic treatment. Currently, none of the drugs available to treat 

neurodegenerative diseases promote remyelination, they only function to curb further 

progression of the disease. 

If the damaged myelin can be regenerated in a timely manner, axonal degeneration 

can be prevented and neuronal function can be restored (14). Oligodendrocytes (OLs) 

originally develop from neural stem cells (NSCs) via different stages of differentiation 

marked by the expression of specific markers i.e., NSCs develop into oligodendrocyte 

progenitor cells (OPCs) which differentiate into OLs, which then mature into myelinating 

OLs (15-18). Following injury in the adult brain, myelin can be regenerated by three 

sources. First, if the existing oligodendrocytes in the injury area are still viable, they have 

a limited ability to re-establish their axonal association (19, 20), however, this pathway for 

myelin regeneration is not particularly efficient or accurate (21, 22). Second, OPCs residing 

throughout the adult brain can activate and differentiate into OLs to remyelinate the 

neurons in their vicinity (23). Finally, the third source of myelin regeneration is the NSCs 

themselves (24, 25).  
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Cell Populations Contributing to Myelin Regeneration 

Mature Oligodendrocytes 

Until recently, the contribution of mature oligodendrocytes to remyelination was 

considered negligible, if at all (26, 27). It has now been demonstrated that mature 

oligodendrocytes are able to participate in remyelination, however, the myelin formed by 

these cells has shorter internodes, thinner sheaths, and is often found to be mistargeted to 

neuronal cell bodies (19-22, 28). A recent study also suggested that mature 

oligodendrocytes play a major role in remyelination in the brains of people with MS (20, 

29). This lower efficiency and accuracy in remyelination by mature oligodendrocytes could 

partially explain the lower rates of remyelination in humans compared to mouse models.  

 

Oligodendrocyte Progenitor Cells 

A ubiquitous population of oligodendrocyte progenitor cells (OPCs) reside 

throughout the CNS. In response to a demyelinating insult OPCs rapidly mobilize and 

migrate to the lesions in their vicinity (23). These OPCs then differentiate and mature into 

myelinating OLs for remyelinating surviving axons (29). They do so in an efficient and 

accurate manner, though these myelin sheaths tend to be thinner and have shorter 

internodes than the original myelin (30). This mechanism is recognized as the primary 

pathway for regenerating myelin in the CNS.  
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Neural Stem Cells in the Subventricular Zone 

NSCs residing in the subventricular zone (SVZ), lining the walls of the lateral 

ventricles in the adult brain, can differentiate into astrocytes, neurons, and 

oligodendrocytes in vitro (17, 18). Our lab has demonstrated that a subpopulation of NSCs 

in the ventral SVZ that express the transcription factor Gli1, migrate to sites of 

demyelinating injury in the white matter corpus callosum (CC) (24). In a healthy brain, 

these cells preferentially migrate to the olfactory bulb and differentiate into neurons and 

astrocytes. However, when activated following a demyelinating injury, these Gli1 NSCs 

instead migrate to the CC and differentiate into OPCs and myelinating OLs. This 

recruitment and differentiation into OLs is further enhanced when Gli1 is inhibited 

genetically or pharmacologically (24). Thus, Gli1Null mice have a higher capacity for 

myelin repair compared to Gli1-expressing Gli1Het mice (24).  

We performed an RNA-seq on NSCs harvested from Gli1Het and Gli1Null mice and 

found the expression of the orphan GPCR Gpr62 to be significantly reduced in the Gli1Het 

NSCs compared to Gli1Null NSCs following demyelination, suggesting a role for Gpr62 in 

remyelination (31) (NCBI Geo GSE162683). Interestingly, autoantibodies against Gpr62 

have been found in blood samples from MS patients (32) and are also shown to be 

upregulated in the more aggressive primary progressive form of MS compared to RRMS 

(33), suggesting that autoimmune-mediated loss of Gpr62 may either play a role in the loss 

of OLs or have an effect on myelin regeneration. 
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GPCRs in Myelin Regulation 

Results from several studies indicate that Gpr62 is expressed in mature 

oligodendrocytes and may have a role in regulating oligodendrocyte maturation. A 

transcriptomic study of gene expression in the different cells of the neonatal brain showed 

that Gpr62 mRNA expression increases with maturation of the oligodendroglial cells, with 

the highest expression in myelinating oligodendrocytes, suggesting that Gpr62 may 

regulate oligodendrocyte maturation (34, 35). Allen Brain Atlas shows Gpr62 to be 12-fold 

more highly expressed in telencephalic white matter, which is enriched with myelinating 

OLs compared to the cortex, consistent with genetic ablation of OLs in the mouse brain 

(36, 37). CHIPseq data from several labs further indicate that the Gpr62 promoter contains 

binding sites for transcription factors Olig2 and MyrF, essential for oligodendrogenesis, 

suggesting a direct regulation of Gpr62 during OL differentiation  (38, 39).  

Gpr62 is a G protein-coupled receptor (GPCR), which is the largest group of 

transmembrane proteins. They represent an extremely diverse group of receptors, and their 

ligands span a large variety of factors, including protein ligands, hormones, small 

molecules, organic compounds, and even light. They are grouped into five phylogenetic 

families based on homology and functional similarity. They include the Glutamate, 

Rhodopsin, Adhesion, Frizzled, and Secretin families, with the Rhodopsin family being the 

largest. Gpr62 is classified as a Class A Rhodopsin-type GPCR., which also includes many 

GPCRs involved in neurotransmission and neurogenesis critical for taste, smell, and vision 

(40, 41). GPCRs are characterized by their seven membrane-spanning domains and their 

activation of the various intracellular heteromeric guanine nucleotide-binding protein (G 



 7 

protein) complexes. These complexes are made up of a Gβγ dimeric complex and a Gα 

subunit. Gα subunits have a variety of subtypes, four key types being Gαs, Gαq, Gαi/o, and 

G12/13. Gpr62 has been shown to signal through both Gαs and Gαq subunit types, but not 

through Gαi/o (42). However, the role of Gpr62 in remyelination remains unknown. A 

summary of OL development-associated GPCRs is given in Table 1. 

 

Table 1. GPCRs involved in oligodendrocyte development 

GPCR Family Glial cell 
expression 

Ligand 
in glia 

G-protein 
signaling 

Reference 

Cxcr4 Rhodopsin OPC, astrocyte 
 

Cxcl12 Gαi (43, 44) 

EDNRB Rhodopsin OPC, astrocyte endothelin 
 

Gαq (45, 46) 

Gpr17 Rhodopsin OPC, new OL unknown 
 

Gαi/o (47, 48) 

Gpr30 Rhodopsin OPC, new OL estrogen 
 

Gαs, Gαi/o (49-51) 

Gpr37 Rhodopsin new OL, mature 
OL 

unknown Gαs (52) 

Gpr56 Adhesion OPC, astrocyte collagen III 
 

Gα12/13 (53, 54) 

Gpr62 Rhodopsin new OL, mature 
OL 

C1q (in vitro 
only) 

Gαs, Gαq (55) 

Gpr98 Adhesion OPC, neuron, 
astrocyte 

unknown Gαi/o (56) 

κ-opiod Rhodopsin neuron, 
astrocyte, 
mature OL 

dynorphin-B 
 

Gαi/o (57) 

mGlu4 Glutamate OPC, new OL, 
neuron 

glutamate Gαi/o (58, 59) 

S1PR1 Rhodopsin OPC, astrocyte lipids 
 

Gαi/o (60) 

 
Several studies have identified the functions of different GPCRs in myelination. 

Among these, there are two GPCRs from the rhodopsin family that have a similar 
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expression pattern in the oligodendroglial lineage as Gpr62 e.g., sphingosine-1-phosphate 

receptor 1 (S1PR1) and Gpr37 (34, 52, 61). However, unlike Gpr62 which constitutively 

activates cyclic adenine monophosphate (cAMP) (42, 62), both S1PR1 and Gpr37 inhibit 

cAMP activity. Both GPCRs are also negative regulators of myelination. cAMP is the most 

common downstream second messenger of G protein signaling involved in many biological 

processes, including adult oligodendrogenesis and differentiation (63, 64). It is generated 

by Gαs protein-activated adenylyl cyclase (AC) and signals through a variety of 

downstream effectors. The GPCR/AC/cAMP pipeline is activated in response to various 

elements, including adhesion to a surface which activates a myelinogenic environment, as 

well as ligand binding to GPCRs (65). The most prolific and best-characterized cAMP 

downstream effector is Protein Kinase A (PKA), which in turn activates a plethora of 

transcription factors, including the cAMP response element binding protein (CREB). 

CREB is also activated by Protein Kinase C (PKC). CREB and cAMP appear to have 

differing effects on oligodendrocyte development and differentiation depending on the 

stage of the differentiation progression. In early differentiation, PKA activation of CREB 

mediates the transition from OPCs to immature OLs, while later PKC activation of CREB 

mediates immature OLs advancing to mature OLs (64, 66). CREB has been demonstrated 

to activate myelin-associated genes, including myelin basic protein (MBP), 2',3'-cyclic 

nucleotide 3'-phosphodiesterase (CNPase), proteolipid protein (PLP), and myelin 

oligodendrocyte glycoprotein (MOG) (67-70).  Fittingly, cAMP analogs have a protective 

effect on myelin and decrease the apoptosis of oligodendrocytes (71, 72). cAMP inhibits 

OPC proliferation, but once the cells have committed to OL differentiation, cAMP 
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independently stimulates OL differentiation (68, 73, 74). In contrast, cAMP inhibits the 

phosphorylation of MBP, which is needed for MBP localization in the myelin sheath and 

in immortalized cell culture. Indeed, cAMP induction upregulates PLP expression while 

cAMP analogs down-regulate MBP gene expression (75-77). By contrast, PKC 

phosphorylates MBP and promotes MBP synthesis (78). The role of primary cilia in OL 

differentiation is an understudied question, but recently these specialized compartments 

have been implicated in regulating CREB developmental proliferation, as well as in 

response to demyelination (79). 

It is currently unknown which specific GPCRs are involved upstream of cAMP that 

regulate oligodendrogenesis and remyelination. Gpr62 has been shown to constitutively 

activate cAMP, with a dosage-dependent effect i.e. increasing cAMP activity with 

increasing Gpr62 levels (42). This would suggest Gpr62 as a potential upstream partner in 

cAMP signaling and, when combined with the data from other studies (31), a possible key 

player in cAMP signaling in oligodendrogenesis and remyelination, given its increased 

expression as OLs differentiate and mature. 

In addition to cAMP, GPCRs also signal via recruitment of b-arrestin (reviewed in 

(80, 81)). b-arrestin can signal both through G protein-mediated pathways, and 

independently. It serves as a scaffold for the assembly of various kinases, which frequently 

trigger the MAP/ERK signaling pathway. One of the GPCRs involved in demyelination, 

Gpr17,  signals through b-arrestin (82) and ERK1/2 (47), as well as the Gαi/o signaling 

pathway to reduce cAMP activity resulting in apoptosis (48). While Gpr62 is also capable 
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of recruiting and internalizing β-arrestin constitutively (42), the functional significance of 

signaling via cAMP vs b-arrestin recruitment is not known.  

Another pathway downstream of GPCRs is the PI3K/Akt/mTOR pathway. 

Mammalian Target of Rapamycin (mTOR) is involved in regulating many cellular 

pathways, including those involved in protein synthesis, cell growth, and of particular 

interest to our lab, myelination. mTOR has different roles at different points along the 

differentiation and maturation timeline, from developmental myelination to remyelination. 

During myelination, mTOR signaling is downstream of  ERK1/2 and PI3K-Akt pathways, 

and the two pathways working synergistically. Some of the myelination processes mTOR 

is implicated in include; the transition from OPC to OL (83-86), directing axon wrapping 

(87), maintaining myelin integrity (88), and mobilizing existing OLs for remyelination (89, 

90). Additionally, mTOR is involved in initiating myelination and regulating cytoskeletal 

modulation (87, 91), OL process branching complexity (91), timely onset of remyelination 

(90, 91), promoting OL differentiation and maturation (84, 90, 92), appropriate wrapping 

to the axon diameter (86, 88, 93), and extent of myelination (94, 95). Throughout these 

studies, mTOR has repeatedly been excluded as a regulator of OPC proliferation. 

There are more than 700 GPCRs, and more than 100 of them have unknown 

ligands, also known as “orphan GPCRs”. As GPCRs are cell-surface receptors, they are of 

great interest in the pharmacology field due to their potential druggability. Approximately 

30-40% of drugs on the market target GPCRs, so orphan GPCRs offer potentially new drug 

targets in a myriad of diseases. While a previous study found that the innate immune 

component C1q can bind to Gpr62 in vitro, the study did not go as far as investigating any 
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effect C1q-Gpr62 binding has on downstream signaling (55). Thus, Gpr62 arguably falls 

into the category of orphan GPCR, as its endogenous ligands have yet to be identified.  

 

Fatty Acid Binding Proteins in Oligodendrocytes 

Myelin is highly enriched with lipids. Lipids give myelin its insulating properties 

and based on the specific composition of fatty acids, allow for region-specific control of 

membrane stiffness. Galactolipids and phospholipids are the two main lipids found in 

myelin and are built from fatty acids (4). OL fatty acid synthesis and transport are essential 

for myelination and remyelination in the CNS (96). Given their highly hydrophobic nature, 

fatty acids require a chaperone to transit the water-based cytoplasm. Fatty Acid Binding 

Proteins (FABPs) fill this role. Of the 10 members of the FABP family, three, FABP3, 

FABP5, and FABP7, are found in the CNS. 

Two long-chain fatty acids in particular, Docosahexaenoic Acid (DHA) and 

Arachidonic Acid (AA), are highly enriched in the brain, and the DHA:AA ratio is 

important to maintain brain health (97, 98). DHA and AA are the primary omega-3 and 

omega-6 fatty acids in the brain, respectively. Both of these fatty acids are bound by Fabp7 

and Fabp7 uptake of DHA has been shown in glioblastoma neural-like stem cells (98). 

DHA in particular has been suggested to promote differentiation of oligodendrocytes and 

is necessary for fatty acid synthesis in OLs (96, 99). When Fabp7 is knocked down in 

neonate-derived cultured OPCs, the cells do not differentiate into mature OLs (7). The 

importance of fatty acid transport in myelination can be seen in studies of diseases 
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involving mutations in FA transporters, for example a DHA transporter. Diseases caused 

by partial or full inactivation of a DHA transporter, sodium-dependent 

lysophosphatidylcholine transporter, or major facilitator superfamily domain-containing 

protein 2 (MFSD2A) resulted in hypomyelination, microcephaly, and decreased white 

matter volume (100-102). 

The rising expression of Gpr62 as OLs differentiate and mature suggests an 

important role for Gpr62 in myelin regulation. While previous studies have shown Gpr62 

to be dispensable to fertility as well as developmental myelination (62, 103), none have 

looked at the role of Gpr62 in remyelination from adult neural stem cells. Here we 

demonstrate that Gpr62 inhibits OL maturation and that this effect is mediated via cAMP. 

  



 13 

CHAPTER TWO: GPR62 IS ASSOCIATED WITH OLIGODENDROCYTE 

MATURATION 

 

Gpr62 is expressed in neural stem cells and myelinating oligodendrocytes 

Based on the results of our RNA-seq analysis of Gli1HET mice vs. Gli1NULL mice 

during demyelination which showed a decreased expression of Gpr62 in Gli1HET mice 

during demyelination but no decrease in Gli1NULL mice which show enhanced 

remyelination (Figure 1a), we wanted to confirm that Gpr62 expression is higher in 

myelinated tissue. To do this, we examined Gpr62 gene expression in healthy brain tissue 

compared to demyelinated brain tissue. To induce demyelination, we used the cuprizone 

model of demyelination and remyelination. Cuprizone, a copper chelator, has been used 

for more than 50 years as a model of demyelination and remyelination in multiple sclerosis 

studies in the rodent brain (104).  When ingested by mice, cuprizone induces the death of 

oligodendrocytes, particularly in the corpus callosum. Depending on how long the mice 

are on the cuprizone diet, the demyelinated regions may spontaneously remyelinate. Acute 

demyelination results from 5-10 weeks of cuprizone diet with peak demyelination 

occurring at five weeks, and spontaneous remyelination occurring upon cessation of 

cuprizone. However, if chronic demyelination is induced with a longer period of ingestion 

(10+ weeks), the lesions do not remyelinate (105, 106).  

We fed 8-12 week old WT mice a diet of either 0.2% cuprizone or regular chow as 

a control, for five weeks to achieve peak demyelination. The mice were then euthanized 
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and their brains collected. We extracted the mRNA from the corpus callosum and analyzed 

Gpr62 transcription by qPCR. These results showed a 75% decrease in Gpr62 gene  

 

Figure 1. Gpr62 is highly expressed in myelin-rich brain regions. 

(a.) Relative expression of Gpr62 in Gli1HET and Gli1NULL, healthy vs. demyelinated brains. (Two-
way ANOVA with Tukey’s post hoc test; n=3), (b.) RT-qPCR from WT healthy (Ctrl) and 
demyelinated (DEM) mouse brain tissue. (Unpaired t test; n=4), (c.) RT-qPCR from healthy mouse 
central nervous system (CNS) subventricular zone (SVZ) and corpus callosum (CC). (Unpaired t-
test; CC: n=4; SVZ: n=3), Error bars = SEM, *p<0.05, **p<0.01, ***p<0.001 
 

expression in the demyelinated tissue compared to the healthy control (-0.7525 ± 0.1526) 

(Figure 1b). This suggests that Gpr62 expression was lost when myelinating 

oligodendrocytes died.  

To further confirm that Gpr62 is higher in myelinating cells compared to neural 

stem cells, we examined the expression of Gpr62 in two distinct regions of the healthy 

adult mouse brain; the subventricular zone (SVZ) where the adult neural stem cells reside, 

and the corpus callosum, which is enriched with myelinating oligodendrocytes. We 

collected the brains from four 8-12 week old WT male and female mice and dissected the 

corpus callosum and SVZ. After extracting and purifying the mRNA, we performed qPCR 

(a) (b) (c)✱
✱
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to analyze Gpr62 gene expression. We found a ~50% reduction of Gpr62 expression in the 

SVZ where neural stem cells reside compared to the corpus callosum-containing 

myelinating oligodendrocytes (-0.5742 ± 0.1004) (Figure 1c). This suggests that Gpr62 is 

expressed in NSCs but has a higher expression in an area of the brain with a greater density 

of myelinating oligodendrocytes.   

Together these results suggest that Gpr62 is most highly expressed in myelinated 

oligodendrocytes. This is consistent with previous research which showed Gpr62 

expression is highest in mature myelinating oligodendrocytes compared to immature 

oligodendrocytes and oligodendrocyte progenitor cells (34, 35, 103). Prior research has 

also shown that Gpr62 is expressed in human NSCs and OLs (55).  

 

Genetic loss of Gpr62 increases OL maturation in vitro. 

We then wanted to examine whether Gpr62 is necessary for differentiation of adult 

neural stem cells (NSCs) from the SVZ into the oligodendroglial lineage. In healthy brains, 

Gli1-expressing neural stem cells from the SVZ preferentially migrate through the rostral 

migratory stream to the olfactory bulbs and differentiate into interneurons and astrocytes 

(18, 107). In a healthy brain, they do not become oligodendrocytes. As previously reported 

by our lab (24), in response to a demyelinating injury, this same cell population is recruited 

to the site of injury, particularly in the corpus callosum, and differentiate into 

oligodendrocytes and astrocytes in vivo However, these NSCs are multipotent stem cells 

and have the potential to differentiate into the three lineages in vitro; neuron, astrocyte, and 
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oligodendrocyte. We obtained the global Gpr62 knockout mice (Gpr62-KO) generated by 

the Yogo Lab at Shizuoka University, Japan, and described in Muroi, et. al., 2017 (62). We 

harvested NSCs from the SVZs of three 8-12-week-old adult WT and three Gpr62-KO 

mice. We grew the NSCs as neurospheres in proliferation media, passaging three times 

before plating them on matrigel-coated coverslips with differentiation media. Under these 

conditions, we differentiated the NSCs for 14 days (Figure 2a). Using our protocol, we 

have previously demonstrated that this timeframe is sufficient for NSCs to differentiate 

into myelin producing oligodendrocytes (PLP+) as well as OPCs (NG2+), astrocytes 

(GFAP+), and neurons (Tuj1+) (108). We found the NSCs of Gpr62-KO mice differentiate 

into the three lineages, similar to WT NSCs (Figure 2b). However, there was a significant 

increase in the number of OPCs in the KO compared to the WT NSCs (WT: 8.68% +/- 

1.73; KO: 19.20 +/-2.56) (Figure 2c). The proportion of neurons, astrocytes, and mature 

OLs were similar in the Gpr62-KO and WT NSCs. 

Although the number of OLs did not change in the Gpr62-KO NSC cultures, we 

noticed some striking morphological differences in the OLs generated from Gpr62-KO 

NSCs (Figure 2b, OL panels). Primarily among them was an increase in process branching 

in the Gpr62-KO OLs. Since higher-order branching is a characteristic of more mature 

oligodendrocytes, this suggested that loss of Gpr62 increases the maturation of OLs (109). 

To quantify the extent of the process branching, we performed Scholl analysis which is 

commonly used to characterize neuron arborization and can be readily adapted to 

oligodendrocyte process branching (110). It involves overlaying concentric circles starting  
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Figure 2. Global loss of Gpr62 increases maturation of oligodendrocytes in vitro. 
(a.) Cell culture experimental timeline. (b.) Representative images of NSCs harvested from WT 
and KO mice and differentiated in vitro for 14 days. (Scale bar = 50 µm) (c.) Quantification of cell 
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types from in vitro 14-day differentiation. (Two-way ANOVA with Tukey’s post hoc test; WT n=4, 
KO: n=3) (d.) NG2 expression in NSCs harvested from WT and KO mice and differentiated in 
vitro for 14 days.  (e.) MBP expression in NSCs harvested from WT and KO mice and differentiated 
in vitro for 14 days. (f.) Percentage of MBP+PLP+ cells in the PLP+ population from NSCs 
harvested from WT and KO mice and differentiated for 14 days. (g.) Scholl analysis workflow. (h.) 
Representative images of WT and Gpr62-KO oligodendrocytes. scale bar = 20 µm (i.) 
Quantification of intercepts per cell. (Unpaired T-test; WT: n=4; KO: n=3) (j.) Average intercepts 
at each radius from Scholl analysis. (k.) Area under the curve (AUC) of (j.). (l.) Representative 
images of NSCs harvested from WT mice infected with Gpr62 OE virus and differentiated in vitro 
for 14 days. (White arrowhead: virus-infected PLP+ OL; Yellow arrowhead: remnants of dead or 
dying virus-infected cells; Scale bar = 30 µm), WT = wildtype; KO = Gpr62 global knockout; OE 
= overexpression; error bars = SEM, *p<0.05, **p<0.01, ***p<0.001 

 

around the cell body and radiating out at regular intervals and counting when the circles 

intercept a cell process (111) (Figure 2d).We isolated images of single PLP+ 

oligodendrocytes and used a 5 µm start radius around the cell soma with 1 µm intervals 

between the concentric radii. We found that the Gpr62-KO NSC-derived OLs had 

significantly more process branching than WT cells, demonstrated by a higher number of 

total intercepts per cell (WT: 1413 +/-282.4; KO: 3230 +/-899.2) (Figure 2e, 2f). Figure 

2g, 2h shows the intercepts per radius of the WT vs. Gpr62-KO cells. These results suggest 

a role for Gpr62 in regulating oligodendrocyte process branching. 

We theorized that a more mature morphology would also be reflected in the gene 

expression. We collected neural stem cells from 8-12-week-old adult WT and Gpr62-KO 

mice, grew them as neurospheres with proliferation growth factors, followed by plating on 

Matrigel-coated coverslips for differentiation. These cells were collected after 14 days of 

differentiation and the mRNA was analyzed with qPCR analysis. We found that expression 

of the OPC marker NG2 was increased two-fold in the Gpr62-KO OLs compared to WT 

OLs (1.997 +/-0.216 fold change) (Figure 2i). Additionally, we found a three-fold increase 
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in the expression of the myelin protein MBP, which is only found in mature, myelinating 

oligodendrocytes, in the Gpr62-KO cells (2.974 +/-0.115 fold change) (Figure 2j). These 

results suggest that loss of Gpr62 in neural stem cells leads to an increase in 

oligodendrocyte maturation. 

Myelin proteins are expressed in oligodendrocytes in a particular order, starting 

with PLP followed by MBP, MAG, and MOG (112). To gauge whether the PLP+ Gpr62-

KO NSC-derived OLs are more mature than those from WT NSCs after 14 days of 

differentiation, we counted the number of PLP+ OLs that co-expressed MBP. We found a 

significant increase in the proportion of PLP+ cells that co-expressed MBP (+16.9% +/-

5.28%) in the Gpr62-KO group (Figure 2k). This suggests that OLs generated from Gpr62-

KO NSCs are more mature at 14 days of differentiation compared to WT OLs. Together 

these results suggest that Gpr62 inhibits or delays the maturation of oligodendrocytes. 

To confirm the effect of Gpr62 on OL process branching, we developed a Gpr62 

overexpression lentivirus (pLV-Gpr62-eGFP) and infected neural stem cells with the virus 

or vector on the first day of differentiation. After 14 days of differentiation, we found some 

striking changes in the cell morphology. We found very few OLs at all in the Gpr62-

overexpressing population, and those few cells that were expressing PLP had few processes 

with little to no branching compared to the vector-infected OLs (Figure 2l.). This suggests 

that Gpr62 plays a role in restricting process growth and branching of OLs.  



 20 

CHAPTER THREE: GPR62 REGULATES REMYELINATION 

Gpr62 does not protect against demyelination 

 We considered the potential for an effect on the survival of OLs during 

demyelination. We used the cuprizone model of demyelination on 8-12-week-old adult WT 

and Gpr62-KO mice. We fed three male and three female WT and Gpr62-KO mice a diet 

of either 0.2% cuprizone or regular chow for five weeks. At the end of five weeks, the mice 

were euthanized and the harvested brains were cryosectioned for immunofluorescent 

labeling with PLP to evaluate the extent of demyelination in the corpus callosum (CC) 

(Figure 3a). While the cuprizone treatment resulted in significant decreases in myelin in 

both WT (WT REG: 93.31% +/-1.56% WT CUP: 31.02% +/-2.53%) and KO (KO REG 

91.59% +/-1.94%; KO CUP: 28.83% +/-3.57) corpus callosum, we found no significant 

difference between WT and the KO mice (Figure 3b, 3c). This suggests that Gpr62 does 

not confer a protective element against cuprizone-mediated demyelination and 

demonstrates that cuprizone is comparably effective in both WT and KO mice. 

Loss of Gpr62 increases myelinating oligodendrocytes in the corpus callosum 

 After eliminating a protective role for Gpr62 in demyelination, we turned toward 

viewing its potential effect on remyelination from the Gli1+ quiescent NSCs residing in 

the SVZ of the adult mouse brain. Our previous research has demonstrated that these NSCs 

are recruited to the corpus callosum for remyelination following acute demyelination in the 
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Figure 3. Global loss of Gpr62 does not protect against demyelination. 

(a.) Timeline of demyelination experiment. (b.) Representative images of WT or KO mouse CC 
after 5 weeks of 0.02% cuprizone diet (CUP) or regular diet (REG). (scale bar = 200 um) (c.) 
quantification of (a.); percentage of myelin in corpus callosum after five weeks demyelination. 
(Two-way ANOVA with Tukey’s post hoc test WT REG: n=6; KO REG: n=3; CUP WT: n=5; 
CUP KO: n=6) (d.) Timeline for remyelination experiment. (e.) Representative images for WT or 
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KO, Gli1-het and Gli1-null CC after regular diet (REG) or five weeks of 0.02% cuprizone diet 
followed by two weeks of regular diet (CUP+2) (Scale bar = 50 µm) (f.) Quantification of (e.) 
(Two-way ANOVA with Tukey’s post hoc test; n=3 for all but KO CUP+2: n=4) (g.) 
Representative image of CC1+RFP+ and NG2+RFP+ cells in remyelinated CC. (Scale bar = 20 
µm) (h.) Percentage of remyelinating cells differentiated into mature OLs and OPCs. (Unpaired t-
tests on individual cell types) WT = wildtype; KO = Gpr62 global knockout; CC = corpus callosum; 
Ctx = cortex; LV = lateral ventricle, Error bars=SEM, *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 
 

adult mouse brain (24). To track the NSCs that respond to demyelination, we crossbred the  

Gpr62-KO mouse line with our Gli1-fate mapped mouse line, Gli1CreERT;Ai9FX to generate 

Gli1CreER;Gpr62KO; Ai9 mice. In these mice, the Gli1-expressing cells in the SVZ, and all 

the daughter cells generated from them, express tdTomato for the lifetime of the cell 

following tamoxifen administration. By subjecting these mice to tamoxifen treatment 

before acute cuprizone-mediated demyelination, we can trace the lineage of the Tdtomato 

(RFP+) cells derived from the Gli1 expressing NSCs in the demyelinated injury site, even 

after they have differentiated into various cell types and have lost their Gli1 expression. 

Additionally, we can use immunofluorescent staining to determine which cells they 

differentiate into. We injected four, eight-week-old, Gli1CreER/+;Gpr6-/-Ai9 

(Gli1HET;Gpr62KO) and Gli1CreER/+;Ai9 (Gli1HET;Gpr62WT) mice with tamoxifen to 

permanently label the NSCs with tdTomato (RFP). One week after the final tamoxifen 

dose, we started the mice on a five-week 0.2% cuprizone diet to induce demyelination. 

Control mice were fed regular chow for the same time period. After five weeks, the 

cuprizone-fed mice were returned to their regular chow for a two-week recovery period to 

allow for spontaneous remyelination, while the control mice remained on regular diet 

(Figure 3a).  
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 As expected, we found very few, if any, RFP+ fate-mapped cells in corpus callosum 

of the regular diet fed mice of either genotype (Figure 3e, 3f). However, there was a 

significant ~53-fold increase in the RFP+ cells in the corpus callosum of Gli1HET;Gpr62KO 

mice upon demyelination (38.76 +/-6.48) compared to the regular diet-fed mice (0.73 +/-

0.46), and a 2.5-fold significant increase over the cuprizone-fed Gli1HET;Gpr62WT mice 

(14.48 +/- 5.43) (Figure 3f). Since genetic loss of Gli1 enhances remyelination, we 

examined the effect of loss of Gpr62 in Gli1-knockout mice upon demyelination. To obtain 

Gli1-knockout mice, we bred the knock-in Gli1CreERT mice to homozygosity and generated 

Gli1NULL;Gpr62WT mice (Gli1CreERT/CreERT;Ai9)  and Gli1NULL;Gpr62KO mice 

(Gli1CreERT/CreERT;Gpr62-/-;Ai9) mice. Interestingly, the number of RFP+ cells in the corpus 

callosum of cuprizone-fed Gli1HET;Gpr62KO mice (38.76 +/-6.48) was similar to that in the 

cuprizone-fed Gli1NULL;Gpr62WT mice (63.08 +/-16.62), suggesting that loss of Gpr62 

phenocopies the effect of loss of Gli1 in enhancing the recruitment of NSC derived cells to 

the corpus callosum upon demyelination (Figure 3f). As expected, there were a higher 

number of RFP+ cells in the corpus callosum of cuprizone-fed Gli1NULL;Gpr62WT mice 

(63.08 +/-16.62) compared to Gli1HET;Gpr62WT mice (14.48 +/-5.43) fed with cuprizone 

diet, consistent with our prior results (24). However there was no significant difference 

between the number of RFP+ cells in the corpus callosum of cuprizone-fed 

Gli1NULL;Gpr62KO mice (57.93 +/-17.39) compared to Gli1NULL;Gpr62WT mice (63.08 +/-

16.62) fed with cuprizone diet, suggesting that combined loss of Gli1 and Gpr62 does not 

have a synergistic effect on recruitment of NSC derived cells to the lesion. 

(Figure 3f). 
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 To examine the fate of the recruited RFP+ cells in the corpus callosum, we used 

immunofluorescent staining to identify CC1+ mature OLs and NG2+ oligodendrocyte 

progenitor cells co-expressing RFP. We found no significant difference between the 

percentage of RFP+CC1+ oligodendrocytes in the Gli1HET;Gpr62WT mice (27.37% +/-

0.433%) and the Gli1HET;Gpr62KO mice (24.80% +/-6.66%) upon demyelination  (Fig. 3g). 

However, we did find a significant decrease in the percentage of RFP+NG2+ OPCs in the 

Gli1NULL;Gpr62WT mice (5.22% +/-2.62%) compared to Gli1HET;Gpr62WT mice (22.82% 

+/- 3.76) suggesting that either delayed maturation of Gli1 NSC derived OPCs or increase 

in their survival and/or proliferation in the Gli1HET;Gpr62WT mice (Fig 3h). However, there 

was no change in the percentage of RFP+NG2+ OPCs between Gli1HET;Gpr62KO  and 

Gli1NULL;Gpr62KO mice. Together these results suggest that loss of Gpr62 changes the 

recruitment of Gli1 NSC-derived progeny from the SVZ to the demyelination site and that 

it appears to function independently of Gli1 loss. While the percentage of fate-mapped OLs 

in the CC did not change in the Gli1HET;Gpr62KO mice, the overall increase in fate-mapped 

cells resulted in an overall increase in OLs in the cuprizone-damaged CCs. 

 After observing the increased recruitment and differentiation of Gli1+ NSCs upon 

global loss of Gpr62, we wanted to examine the cell-autonomous effects of Gpr62 in NSCs. 

For this, we conditionally knocked out Gpr62 specifically in Gli1+ NSCs in adult mice by 

crossing our Gli1CreER/+; Ai9Fx mice with the Gpr62Fx/Fx mice developed by the Emery Lab 

at Oregon Health and Science University and described in Hay, et. al., 2021 (103). We 

injected four Gli1CreER/+;Gpr62Fx/Fx;Ai9Fx mice (Gli1HET;Gpr62FX) and four 

Gli1CreER/+;Ai9Fx mice (Gli1HET;Gpr62WT) mice with tamoxifen at 8-12 weeks of age to 
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knock out Gpr62 in Gli1+ NSCs and permanently label them with tdTomato (RFP). A week 

after the final tamoxifen dose, we fed them a diet of 0.2% cuprizone for five weeks to 

induce demyelination while the healthy control mice were fed regular chow. This was 

followed by a period of two weeks on regular diet for remyelination recovery (Figure 5a). 

Our results showed a striking increase in the number of RFP+ cells in the Gli1HET; Gpr62FX    

(138.76 +/-52.4) mice compared to the Gli1HET; Gpr62WT mice (14.48 +/-5.43) upon 

demyelination. We further bred Gli1CreER/CreER;Gpr62Fx/Fx;Ai9Fx (Gli1NULL;Gpr62FX) mice 

and these mice on the cuprizone diet did show an increase in RFP+ cells in the (156.33 +/-  

40.51) compared to the Gli1NULL;Gpr62WT (63.08 +/-6.48) mice, however this increase was  

not significantly different compared to the Gli1HET;Gpr62FX (138.76 +/-52.4) mice. Again, 

this suggests a mechanism independent from Gli1 loss. 

Interestingly, most of the RFP+CC1+ mature OLs in the corpus callosum of  Gli1HET; 

Gpr62FX  mice showed parallel configuration of their processes, while the Gli1HET;Gpr62WT 

brains showed more random organization of processes, suggesting that these OLs had 

precociously matured into myelinating cells at two weeks after cessation of cuprizone diet 

(113, 114) (Figure 4f). To determine if the parallel processes in the RFP+ OLs were 

forming functional myelin two weeks after cessation of cuprizone, we examined the 

presence of Caspr+ paranodes adjacent to the RFP-labelled internodes in axons.  Caspr 

(also known as contactin-associated protein 1, and paranodin) is a protein that is expressed 

by the neuronal axons at the paranodes, i.e. at the edge of the myelin wrapped internodes. 
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Figure 4. Conditional loss of Gpr62 in Gli1 NSCs increases oligodendrogenesis for 
remyelination 
 
(a.) Timeline of remyelination experiment. (b.) Representative images of WT and FX mouse CC 
after 5 weeks of 0.02% cuprizone diet followed by two weeks recovery on regular diet. (Scale bar 
= 50 µm) (c.) Quantification of fate-mapped cells in the CC, including KO data from Fig. (Two-
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way ANOVA with Tukey’s post hoc test; n=3 for all except Gli1-null; FX: n=4) (d.) Representative 
image of CC1+RFP+ and NG2+RFP+ cells in remyelinated CC. (Scale bar = 20 µm) (e.) 
Percentage of remyelinating cells differentiated into mature OLs and OPCs. (Unpaired t-tests on 
individual cell types. (f.) Image of paired Caspr signals on RFP+ process in remyelinated CC. 
(Scale bar = 50  µm) (g.) Diagram of a node of Ranvier. (h.) Image of Caspr signal on RFP+ 
processes. (scale bar = 5 µm), WT = wildtype; FX = Gpr62 conditional knockout; CC = corpus 
callosum; Error bars=SEM, *p<0.05, **p<0.01, ***p<0.001 
 

Caspr binds to neurofilament 155 (NF-155) expressed on the myelin edge and 

together they function to hold the lip of the myelin to the axon at the paranode (115, 116) 

(Figure 4g). As shown in Figure 4f, at two weeks of remyelination we found paired Caspr 

on RFP+ processes. Together these results suggest that the fate-mapped cells populating 

the CC two weeks following demyelination are OPCs and myelinating OLs.  
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CHAPTER FOUR: GPR62 KNOCKOUT RESULTS IN DIFFERENTIAL 

EXPRESSION OF PATHWAYS REGULATING MYELIN DEVELOPMENT 

 

Gpr62 knockout alters myelin signaling pathways 

 Gpr62 has been shown in previous studies to constitutively activate cAMP (42, 62, 

117). cAMP is well-known to be integral to OL differentiation and maturation, and cAMP 

analogs are commonly used to induce OL differentiation in vitro (68, 71, 74). To determine 

if cAMP is responsible for the increased maturation of oligodendrocytes seen in NSC 

differentiation, we induced cAMP activity by forskolin treatment in NSCs in vitro. In cells, 

cAMP is produced by adenylate cyclase (AC) which is activated by Gαs protein action 

downstream of GPCRs. The diterpene forskolin is used to stimulate AC in cultured cells 

(118, 119). Forskolin directly activates AC which leads to an increase in intracellular 

cAMP. We harvested NSCs from the SVZ of adult Gpr62-WT (WT) and Gpr62-KO (KO) 

mice and differentiated them in the presence of 10µM forskolin or vehicle for 14 days. 

Subsequently, the cells were fixed and immunofluorescent stained with antibodies against 

the myelin proteins PLP1 and MBP (Figure 5a). Although we found no significant change 

in the percentage of WT cells generating PLP1+ OLs in the vehicle-treated cells (2.04% 

+/-0.778%) compared to the forskolin-treated (1.98% +/-0.784%) (Figure 5b), nor in the 

KO cells between vehicle-treated (3.25% +/-0.981%) and forskolin treated (3.85% +/-

0.258%); there was a significantly higher proportion of PLP1+ OLs that co-expressed MBP 

in the vehicle-treated KO cells (25.5% +/-7.78%) compared to the vehicle-treated WT cells 

(8.62% +/-3.62%) (Figure 6c). This suggests that Gpr62-KO OLs are more mature than 
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WT OLs. However, when the NSCs were differentiated with 10µM forskolin, the 

proportion of MBP+PLP+ KO cells (7.92% +/-5.17%) remained similar to the WT cells 

(12.7% +/-8.14%). This suggests that the constitutive activation of cAMP by Gpr62 

inhibits the precocious maturation of OLs. 

To assess the effect of global loss of Gpr62 on gene expression in the mouse brain, 

we performed a bulk RNA-seq transcriptomic analysis of WT vs Gpr62-KO forebrains. Of 

the more than 12,000 genes expressed in the forebrains of mice, 276 were unique to the 

WT brain and 312 were uniquely expressed in the Gpr62-KO brain (Figure 5d). The RNA-

seq analysis revealed 39 differentially expressed genes between WT and KO mice at a false 

discovery rate (FDR) of 0.01 (Table 2). Of these, 32 were upregulated and seven genes 

were downregulated in the Gpr62-KO brain (Figure 5e). Among the top five differentially 

expressed genes was Fatty Acid Binding Protein 7 (Fabp7) which was upregulated in the 

Gpr62-KO brains (Figure 5f, Table 2). Fabp7 has previously been shown to be necessary 

for developmental oligodendrocyte differentiation (7, 120). A previous study found Fabp7 

to be dispensable in remyelination (7), however, this study focused on remyelination by 

OPCs in the spinal cord and did not examine remyelination by NSCs in the brain.  

To confirm the RNA-seq finding, we performed qPCR with mRNA extracted from 

the WT and Gpr62-KO forebrain and found a two-fold increase in Fabp7 expression in the 

Gpr62-KO mice (+1.9 +/-0.18 fold change) (Figure 5g.). Further work will need to be done 

to determine the exact role Fabp7 plays in regulating the path from NSC to OL in 

remyelination.  
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Figure 5. Loss of Gpr62 alters signaling pathways regulating myelination. 
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(a.) Representative images of MBP+PLP+ cells in forskolin-treated, 14-day differentiated WT and 
KO NSCs (Scale bar = 50 µm) (b.) Percentage of PLP+/total cells in forskolin-treated differentiated 
WT and KO NSCs. (Two-way ANOVA with Tukey’s post hoc test; n=3) (c.) Percentage of 
MBP+PLP+/PLP+ cells cells in forskolin-treated differentiated WT and KO NSCs. (Two-way 
ANOVA with Tukey’s post hoc test; n=3) (d.) Venn diagram comparing mRNA expression in KO 
and WT mouse forebrains analyzed by RNA-seq. (e.) Venn diagram of differentially expressed 
genes from RNA-seq of KO vs. WT mouse forebrains. (f.) Volcano plot of differentially expressed 
genes from RNA-seq of KO vs. WT mouse forebrains, highlighting Fabp7. (g.) RT-qPCR of Fabp7 
in mouse forebrains (n=4). (h.) GO analysis for KO vs. WT mouse forebrain. Myelin-related 
pathways highlighted in yellow. (i.) KEGG pathway enrichment analysis of KO vs. WT mouse 
forebrain. Myelin-related pathways highlighted in yellow. WT = wildtype; KO = Gpr62-knockout; 
NSCs = neural stem cells; GO = Gene Ontology; Error bars=SEM, *p<0.05, **p<0.01, 
***p<0.001, n/s = not significant 
 

As part of the RNA-seq analysis on Gpr62-KO forebrains, we performed a gene 

ontology (GO) pathway analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway analysis. Strikingly, the GO analysis with differentially expressed genes identified 

several pathways relating to myelin development, including myelination, neuron/axon 

ensheathment, gliogenesis, myelin sheath, and myelin sheath structure (Fig. 5h.). Similarly, 

the KEGG analysis identified the axon guidance pathway, as well as PI3K-Akt signaling 

pathway (Fig. 5i), which has been shown to regulate myelin sheath growth (121). 

Unexpectedly for a Class-A Rhodopsin GPCR (as opposed to Adhesion GPCRs), we found 

many pathways related to extracellular matrix (ECM) components and binding represented 

in the GO and Kegg analysis. This presents an intriguing avenue for future research, as 

ECM proteins are involved in regulating OL development and myelination. A summary of 

the pathways related to ECM is shown in Figures 5h and 5i. 

 

 

 



 32 

Table 2. Differentially expressed genes in Gpr62-KO forebrain. 

log2 fold change padj gene name 
2.827378921 0.000476 Gm26747 
1.440265538 1.13E-09 Eln 
1.076493953 0.00708 Hpgd 
0.863664039 1.10E-10 Tspan2 
0.861871292 1.07E-05 Fabp7 
0.84681677 6.63E-09 Cldn11 

0.825600184 9.87E-05 Smim3 
0.822172527 3.15E-07 Gpr17 
0.807787049 0.000466 Mcam 
0.772176725 7.49E-05 Ugt8a 
0.767379538 9.63E-11 Mal 
0.732011798 0.003384 Mfsd2a 
0.698796679 0.003938 Igsf1 
0.692289581 4.75E-05 Elovl1 
0.687360167 8.03E-05 Gsn 
0.680638557 8.03E-05 Col6a1 
0.673018407 8.56E-05 Mog 
0.656771833 0.001534 Col6a2 
0.654525135 0.010497 Srd5a1 
0.641807731 0.007713 Adamts4 
0.634696322 0.000729 Mag 
0.623085649 3.90E-05 Plp1 
0.613362652 0.001393 Lpar1 
0.576223701 8.03E-05 Mobp 
0.543579514 1.07E-05 Cnp 
0.524657517 0.003871 Fa2h 
0.436151431 0.012602 Sema4d 
0.434962824 0.00039 Dusp26 
0.425246347 0.000834 Marcksl1 
0.414690118 0.011562 Sh3gl3 
0.400438543 0.013778 Sirt2 
0.353651713 0.013778 Adgrg1 
-0.530054542 0.013566 Plk5 
-0.816685807 0.000237 Il33 
-0.960990534 1.07E-05 Gm29216 
-0.973503082 5.40E-06 Gpr62 
-1.196549954 8.03E-05 Ahcyl 
-3.394780899 1.17E-05 Gm35021 
-3.516931765 0.000545 Gm7292 

 



 33 

CHAPTER FIVE: DISCUSSION AND FUTURE DIRECTIONS 

 

Discussion 

 Given the high expression of Gpr62 in myelinating oligodendrocytes and its 

localization in the brain and testes, it would be natural to expect that it would have some 

role in regulating myelination and/or spermatogenesis. However, previous work has 

determined that Gpr62 is not needed for developmental central nervous system (CNS) 

myelination (103), nor does its loss affect spermatogenesis (62). Taking these findings into 

consideration, a logical step is to next look at its role in remyelination. Remyelination in 

the CNS can occur from a few different cell populations: the surviving oligodendrocytes 

in the area of the demyelinated lesion (19), the resident oligodendrocyte progenitor cells 

(OPCs) (17, 23, 43), or the neural stem cells (NSCs) of the subventricular zone (SVZ) (24, 

122, 123). Having previously established that the Gli1+ NSCs of the SVZ are particularly 

responsive to demyelination (24), we endeavored to examine the role of Gpr62 in 

remyelination. First, we confirmed the expression of Gpr62 in myelinating 

oligodendrocytes and found significant increases in areas of the brain enriched with 

myelinating oligodendrocytes, as well as in normal brain tissue compared to cuprizone-

demyelinated tissue which coincides with studies showing Gpr62 expression increasing as 

oligodendrocytes mature (34, 35, 103).  

 Using a cell culture model of neural stem cell differentiation, we found significant 

morphological changes in oligodendrocytes after 14 days of differentiation when Gpr62 is 
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lost. Additionally, we found an increase in OPCs in cells where Gpr62 is knocked out. This 

correlated with a two-fold increase in NG2 expression in the knockout cells. We did not 

see a significant change in the percentage of NSCs differentiating into PLP+ OLs in the 

KO compared to WT, however we did find an increase in the PLP+ OLs that were also 

expressing MBP, as well as an almost three-fold increase in MBP expression in KO over 

WT cultured cells. This would again suggest a more rapidly maturing OL population with 

the loss of Gpr62, as the onset of MBP expression is a commonly used marker for mature 

OLs (68, 69, 124). 

Using Scholl analysis, we determined that the differentiated PLP+ OLs 

demonstrated higher order process branching, which is indicative of higher OL maturity 

(109). Conversely, when we virally overexpressed Gpr62 in differentiating neural stem 

cells, we found very few OLs generated from the Gpr62 overexpressing cells. Those few 

that we did find appeared to have lower expression of the viral Gpr62, and their 

morphology showed stunted process growth. Cells of any type that were highly expressing 

viral Gpr62 had no discernable process branching. This suggests a role for Gpr62 in 

controlling precocious maturation or process branching. Other GPCRs are critical in 

controlling the rate of maturation and regulating the commitment of stem cells to the OL 

lineage. A role for Gpr62 in maturation regulation is in line with other GPCR activity in 

myelination (39, 47, 48, 52). 

The early maturation of Gpr62 knockout NSCs in culture appears to extend into in 

vivo NSCs responding to demyelination, particularly in the CC. Our findings that loss of 

Gpr62 leads to a significant increase in cells migrating to the corpus callosum from the 
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SVZ, appear to mirror those previously reported by our lab on the effect of loss of Gli1. 

Loss of Gpr62 appears to have a comparable effect on remyelinating cells to that observed 

upon pharmacological and genetic ablation of Gli1 (24). We did not find a combinatorial 

effect of Gli1 and Gpr62 global knockout. However, when we conditionally knocked out 

Gpr62 in Gli1+ NSCs, we did see an additive effect of combined loss of Gli1 and Gpr62. 

This resulted in a significant increase in the number of NSCs responding to, and migrating 

to the site of demyelination in the CC. 

 

Future Directions 

 Gpr62 offers several directions for future research. A key direction is to find the 

endogenous ligand for Gpr62. While C1q has been reported as binding to Gpr62, thus far 

this pairing has not been shown to have biological relevance. Examining the effects of C1q 

on Gpr62 signaling could open up further avenues for drug discovery. Along with the 

endogenous ligand, another important avenue is to elucidate the particular mechanism of 

Gpr62’s constitutive activity in mature oligodendrocytes.  

 Of particular interest stemming from the findings in this work is the specific means 

by which Gpr62 regulates process branching.  

 In light of the pathway analyses that indicate Gpr62’s affiliation with ECM 

signaling, it appears to be crucial to understand what role Gpr62 might play in interacting 

with the ECM. The stiffness of the ECM affects many pathways, including OL 
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differentiation. A number of proteins involved in sensing the ECM are also key players in 

process extension; among them are Rho/ROCK and filamental actin. (109, 125) 

We have recently begun a collaboration investigating the effect of Gpr62 loss on 

extracellular vesicles secreted by differentiating NSCs. Our preliminary results indicate 

differences in both size and number of EVs secreted by Gpr62-KO cells compared to WT. 

Quantifying and characterizing these EVs and their cargoes could lead to further 

understanding of Gpr62’s role in regulating OL differentiation and maturation. As previous 

work has suggested Gpr62’s localization as being either on the adaxonal surface of the 

myelin sheath or in the proximal ends of the processes, a key avenue for future research 

would be to find the precise locale of Gpr62 (55, 103). Our viral overexpression 

experiments suggest an endosomal membrane concentration, as well as a lesser plasma 

membrane expression. Developing an antibody that works in mouse tissue would be a large 

leap forward in Gpr62 research. 
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CHAPTER SIX: METHODS & MATERIALS 

 

Animals 

The  Cre-knockin line Gli1CreERT; Ai9FX was generated by crossing Gli1CreERT line 

(Jackson Labs #007913) with the Ai9FX reporter line (Jackson Labs #007909). Gpr62-/- 

mice were bred by inseminating C57Bl/6 WT female mice with Gpr62-/- sperm gifted by 

the Keiichiro Yogo lab at Shizuoka University, Shizuoka, Japan. The Yogo lab’s 

generation of the Gpr62-/- line is described in Muroi, 2017 (62). Gli1CreER/WT; Gpr62-/-; 

Ai9FX/WT were generated by crossbreeding Gpr62-/- mice with Gli1CreERT; Ai9FX mice.  

Mice for early experiments were housed at the UW-Madison School of Veterinary 

Medicine vivarium and cared for according to the IACUC protocol. Due to a lab move, 

later experimental mice were housed at the UGA College of Veterinary Medicine animal 

facility and cared for according to IACUC protocol. A mix of male and female animals 

were used in all experiments. 

 

Cre-mediated fate-mapping 

 Mice with the Cre-knockin Gli1CreERT; Ai9FX were given four 250 µl doses of 20 

mg/ml Tamoxifen dissolved in corn oil delivered via i.p. injection every other day for a 

total of 1 ml tamoxifen per mouse. All subsequent experiments with tamoxifen-dosed mice 

were started one week following the last dose of tamoxifen. 
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Cuprizone-mediated demyelination 

Mice were fed 0.2% Cuprizone chow diet (Inovtiv custom diet) ad libitum for 5 

weeks to induce acute demyelination. The mice were perfused as described below, and 

brains were collected at this point to assess the extent of demyelination. For remyelination 

analysis, mice were fed a 0.2% cuprizone diet for five weeks followed by two weeks of 

their regular diet. Control mice were fed their regular diet for the duration. 

 

NSC harvest and differentiation 

Neural stem cell harvest and culture were performed as previously described in 

Radecki, et. al., 2022 (108). In brief, mice were anesthetized, and brains were collected and 

sliced into 1mm slices in a brain mold. Under a dissecting microscope, the SVZs of the 

slices were cut out, diced, and digested in 0.25% trypsin for 5 min. @ 37 °C and the trypsin 

deactivated with trypsin inhibitor. The tissue was then triturated with a 25Ga needle and 

3ml syringe. This was followed by centrifugation @500xg for 5 min. and resuspension of 

the pellet in proliferation media (Stem Cell Technologies #05702) supplemented with 

heparin, FGF, and EGF for growth into neurospheres. Neurospheres were passaged two 

times before plating the tertiary neurospheres. For plating, tertiary neurospheres were 

disassociated in 0.25% trypsin for 5 min @37 °C and counted using a BioRad TC20 

Automated Cell Counter. Cells were plated on either matrigel-coated cell culture plates or 

matrigel-coated 12 mm coverslips in 24-well plates at 1.2x106 cells per plate. Cells were 

cultured in differentiation media (Stem Cell Technologies #05704) supplemented with 

antibiotic-antimycotic (Thermo Fisher #15240062), heparin, FGF, and EGF. Media was 
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changed every other day for fourteen days. Cells for immunofluorescent staining were then 

fixed with ice-cold methanol for 15 min, followed by 3x washes with RT PBS. Cells for 

qPCR were lifted with 0.25% trypsin for 5 min @37 °C, followed by deactivation with 

trypsin inhibitor, then centrifuged @500xg for 5 min and resuspended in RNA later 

(Thermo Fisher #AM7020). 

 

Mouse Brain Harvest 

Mouse brains were harvested, sectioned, and stained as previously described in 

Clawson, et. al., 2023 (126). In brief, mice were perfused via cardiac puncture with 4% 

PFA in PBS. Brains were harvested and post-fixed for four hours @4 °C, followed by 

overnight incubation in 30% sucrose-PBS solution. Brains were embedded in OCT media 

in a tissue mold and frozen at -80 °C.  

 

Immunofluorescent tissue staining (refer to paper) 

20um thick cryosectioned brain slices on microscope slides or cultured cells on 

coverslips were incubated in ice-cold methanol for 15 minutes @RT for myelin protein 

staining. Slides were blocked with 1:10 dilution of normal goat serum for 1 hour @RT. 

Primary antibodies were incubated overnight @4 °C, in 0.1%BSA-PBS-TritonX solution.  

Primary antibodies used: rat anti-PLP 1:50 (Macklin Lab OHSU), CC1 1:100 (Calbiochem 

#OP80), NG2 Millipore #AB5320), β-III tubulin (Tuj1) 1:200 (R&D Systems 

#MAB1195), MBP 1:100 (Biolegend #808402), GFAP 1:500 (NovusBio #NBP2-29415), 

RFP 1:1000 (Chromotek #5F8-100), GFP 1:1000 (Invitrogen #A10262). Fluorescent goat 
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secondary antibodies in 0.1%BSA-PBS-TritonX were incubated for 1 hr. @RT. Secondary 

Antibodies: all at 1:1000 dilution. After 3x washing in PBS, coverslips were mounted with 

FluoromountG (Thermo Fisher #00-4958-02). Slides were imaged with a Keyence X-700 

epifluorescent microscope or Oxford Instruments BC43 Benchtop Confocal and analyzed 

using Fiji or Imaris software. 

  

Scholl analysis 

Using Fiji, images of oligodendrocytes were cropped to isolate the cell from 

surrounding cells, threshold set by hand to remove background noise and any processes 

from surrounding cells, then skeletonized using the Skeletonize function of the 

Neuroanatomy Shortcuts Tool for Fiji. The distance from the center of the nucleus to the 

end of the longest process was measured in Fiji to use as the Scholl diameter. Then using 

the Scholl analysis function of the Neuroanatomy Shortcuts Tool, the OLs were analyzed 

using the previously calculated diameter at 1 µm intervals starting at 5 µm from center. A 

minimum of 25 cells from each replicate were analyzed, for a total per genotype of 100 

cells. 

 

RT-qPCR 

RNA was purified using the Monarch Total RNA Miniprep kit (NEB #T2010S) 

and quantified using a Qubit 4 Fluorometer. cDNA was synthesized using iScript cDNA 

Synthesis kit (BioRad # 1708890), and qPCR was performed using SsoAdvanced 
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Universal SYBR Green Supermix (BioRad # 1725271) in a BioRad Optum96 with the 

following primers listed in Table 3.  

 
Table 3. qPCR primer sequences 
 

Cspg4/NG2 F: CTTCACGATCACCATCCTTCC 
R: CCCGAATCATTGTCTGTTCCC 

EGFR F: CCCGAATCATTGTCTGTTCCC 
R: TGTCTTCACCAGTACATTCCTG 

Fabp7 F: GAAGTGGGATGGCAAAGAAAC 
R: CATAACAGCGAACAGCAACG 

Gapdh F: AATGGTGAAGGTCGGTGTG 
R: GTGGAGTCATACTGGAACATGTAG 

Gpr62 F: CCTGCTGGCTGCCTTAT 
R: GCAGCAGGCCATAGAGAAA 

MBP F: GCCTTGCCAGTTATTCTTTGG 
R: CTCAGAGGACAGTGATGTGTT 

Plk5 F: GCAACCAGAAAACTGTTCCT 
R: GTAGCCGAAGCCATACTTGAG 

Tspan2 F: AGAGGTGATGAGAAGAGGAGA 
R: CAAATGCAATAACGGCTGATCC 

 

RNA-seq 

Brains were harvested from two male and two female each of WT and Gpr62-KO 

mice at 8-10 weeks of age after euthanizing with pentobarbital. The forebrains were minced 

and stored at -20°C in RNA Later. The tissue was shipped to Novogene on dry ice where 

the bulk RNAseq and analysis was performed. 

In brief, Novogene purified the mRNA using magnetic beads with attached poly-T 

oligos, followed by reverse transcription and second strand cDNA synthesis. After library 

prep and quantification, the cDNA was PCR amplified. Novogene then performed quality 

control using their in-house perl scripts. They used Hisat2 (v2.0.5) to build the reference 
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genome index, and novel transcripts were predicted using StringTie (v1.3.3b). Gene 

expression levels were quantified using FeatureCounts v1.5.0-p3. Differential expression 

analysis comparing WT vs. Gpr62-KO was done with the DESeq2R (v1.20.0) package. 

GO and KEGG analysis were performed using clusterProfiler R package. 

 

Statistical Analysis 

Statistical Analysis was performed using Prism software. Specific tests performed 

are listed in the corresponding figure legends. 
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APPENDIX A 
 

Immunofluorescence assay for demyelination, remyelination, and proliferation in an 

acute cuprizone mouse model 
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Abstract 

Here, we present a protocol to assess demyelination in the corpus callosum of an acute 

cuprizone mouse model, which is routinely used to induce demyelination for studying 

myelin regeneration in the rodent brain. We describe the tracing of neural stem cells via 

intraperitoneal injection of tamoxifen into adult Gli1CreERT2;Ai9 mice and the induction of 

demyelination with cuprizone diet. We also detail EdU administration, cryosectioning of 

the mouse brain, EdU labeling, and immunofluorescence staining to examine 

proliferation and myelination. For complete details on the use and execution of this 

protocol, please refer to Radecki et al. (2020). 
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Protocol

Immunofluorescence assay for demyelination,
remyelination, and proliferation in an acute
cuprizone mouse model

Here, we present a protocol to assess demyelination in the corpus callosum of an acute cuprizone
mouse model, which is routinely used to induce demyelination for studying myelin regeneration
in the rodent brain. We describe the tracing of neural stem cells via intraperitoneal injection of
tamoxifen into adult Gli1CreERT2;Ai9 mice and the induction of demyelination with cuprizone
diet. We also detail EdU administration, cryosectioning of the mouse brain, EdU labeling, and
immunofluorescence staining to examine proliferation and myelination.
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