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Abstract: The brain’s capacity to respond to changing environments via hormonal signaling is 
critical to fine-tuned function. An emerging body of literature highlights a role for myelin plasticity 
as a prominent type of experience-dependent plasticity in the adult brain. Myelin plasticity is driven 
by oligodendrocytes (OLs) and their precursor cells (OPCs). OPC differentiation regulates the 
trajectory of myelin production throughout development, and importantly, OPCs maintain the 
ability to proliferate and generate new OLs throughout adulthood. The process of 
oligodendrogenesis, the creation of new OLs, can be dramatically influenced during early 
development and in adulthood by internal and environmental conditions such as hormones. Here, 
we review the current literature describing hormonal regulation of oligodendrogenesis within 
physiological conditions, focusing on several classes of hormones: steroid, peptide, and thyroid 
hormones. We discuss hormonal regulation at each stage of oligodendrogenesis and describe 
mechanisms of action, where known. Overall, the majority of hormones enhance 
oligodendrogenesis, increasing OPC differentiation and inducing maturation and myelin 
production in OLs. The mechanisms underlying these processes vary for each hormone but may 
ultimately converge upon common signaling pathways, mediated by specific receptors expressed 
across the OL lineage. However, not all of the mechanisms have been fully elucidated, and here, we 
note the remaining gaps in the literature, including the complex interactions between hormonal 
systems and with the immune system. In the companion manuscript in this issue, we discuss the 
implications of hormonal regulation of oligodendrogenesis for neurological and psychiatric 
disorders characterized by white matter loss. Ultimately, a better understanding of the fundamental 
mechanisms of hormonal regulation of oligodendrogenesis across the entire lifespan, especially in 
vivo, will progress both basic and translational research.  
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1. Introduction 
The human brain is able to undergo dramatic plasticity throughout life in response 

to both internal and external signals. Plasticity can include both structural changes, such 
as the formation of new synapses or changes to perineuronal nets, and functional changes, 
such as changes in network strength. Classically, neurogenesis, or the generation of new 
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neurons, is regarded as a major form of plasticity [1]. However, the generation of new glia, 
or gliogenesis, is a lesser explored yet equally important avenue for investigation. 
Specifically, oligodendrogenesis, the creation of new oligodendrocytes (OLs), has 
emerged as a novel mechanism for experience-dependent plasticity in the developing and 
adult brain [2,3].  

OLs are a class of glial cells in the central nervous system that produce myelin, a 
lipid-rich membrane that enwraps and insulates axons. Myelin is canonically known for 
its role in enhancing the speed of neuronal transmission [4]. However, OLs and their 
associated myelin have also been found to regulate plasticity. Specifically, myelin proteins 
inhibit axonal sprouting and are thought to close critical periods and crystallize circuits 
[5,6]. In the adult brain, myelin can undergo considerable reorganization in response to 
neural activity; this experience-dependent myelination ultimately contributes to motor 
function, spatial and motor learning, social behavior, and emotional affect [2,7–11].  

Myelin plasticity in the central nervous system occurs via alterations to existing 
myelin, the addition of new myelin segments from existing OLs, and the incorporation of 
new OLs and myelin through oligodendrogenesis. Oligodendrogenesis occurs heavily 
during early development, yet also continues throughout adult life. As with neurons, OLs 
are originally derived from multipotent neural stem cells (NSCs) that maintain the 
capacity for self-renewal and can differentiate to adopt a neuronal or glial fate. These 
processes are tightly regulated by numerous factors, and the progression from NSC to 
mature OL can be tracked by the expression of characteristic cellular markers (Figure 1). 
For example, at the earliest stages, a subset of Nestin+ NSCs can develop into 
oligodendrocyte pre-progenitors (OPPs), proliferative cells that default towards a glial cell 
fate and express polysialylated-neural cell adhesion molecule (PSA-NCAM). A subset of 
OPPs become dedicated oligodendrocyte precursor cells (OPCs), precursors committed to 
the OL lineage; OPCs express a characteristic surface proteoglycan, neuron-glial antigen 
2 (NG2), which allows them to be labeled and tracked in situ [12]. Other markers such as 
platelet derived growth factor receptor alpha (PDGFR-α) and the cell surface ganglioside 
A2B5 are also observed in OPCs and pre-oligodendrocytes [13]. The proliferation, 
survival, and differentiation of NSCs and OPCs can be quantified by tools that tag 
newborn cells, such as the synthetic thymidine analog bromodeoxyuridine (BrdU). 
Exogenously-administered BrdU is incorporated into DNA during the S phase, 
permanently labeling cells that were undergoing DNA replication at the time of BrdU 
administration. Hence, analysis of BrdU labeling soon after administration provides a 
means of quantifying proliferation. In addition, analysis of BrdU labeling at later time 
points allows for the quantification of newborn cell survival, as well as differentiation and 
fate trajectories through the use of double labeling with additional lineage markers. For 
example, a number of transcription factors, such as oligodendrocyte transcription factor 1 
(Olig1), drive OPCs to differentiate into pre-OLs and immature OLs, and along with 
additional markers such as O4, Olig1 labels cells that have adopted an OL fate [13]. In 
contrast to Olig1, oligodendrocyte transcription factor 2 (Olig2) is expressed throughout 
the entire OL lineage [13]. At the final stages of maturation, OLs start to produce myelin 
and express markers unique to myelination, including myelin basic protein (MBP) and 
proteolipid protein (PLP) [13]. These markers are consistent across both developmental 
and adult oligodendrogenesis, and their detection is crucial for understanding the stages 
and regulation of oligodendrogenesis. It should be noted, however, that the exact 
delineations of the stages of oligodendrogenesis, e.g., when a cell is considered 
“immature” vs. “mature”, varies considerably across the literature, and the majority of 
studies only utilize one marker to define cell stage. A growing number of studies suggest 
that adult neural and glial precursors are heterogeneous populations, and many of the 
markers noted above can be expressed by cell types not of the OL lineage; for example, 
PSA-NCAM is also found in neurons and NG2 in pericytes [14,15]. Thus, future work 
should utilize multiple cellular markers or additional methods in order to be confident of 
cellular stage. 
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Figure 1. Cellular markers across the (oligodendrocyte) OL lineage. 

During mammalian development, OPCs originate from the ventricular germinal 
zones of the embryonic neural tube [16]. OPCs proliferate and migrate throughout the 
developing brain, and ultimately differentiate into mature, myelinating OLs. As with 
neurons, an overabundance of OLs is produced early in development. As these cells 
compete for growth factors, a portion ultimately undergoes apoptosis, resulting in a 
reduced population of myelinating OLs [17,18]. Although the production of myelinating 
OLs peaks in the first few weeks of life, there are regional differences in myelin 
maturation. For example, sensory areas myelinate earlier in life, while regions such as the 
prefrontal cortex extend myelination through adolescence and early adulthood [19]. 
Importantly, not all OPCs differentiate into OLs; a population of progenitors persist 
throughout the lifespan and retain the ability to proliferate and differentiate into OLs [20]. 
In addition, OPPs and OPCs can be produced from adult NSCs in the dentate gyrus and 
subventricular zone [21–23]. Importantly, OPCs are sensitive to neural signaling and 
respond to neural activity by proliferating and differentiating [24]. The survival and 
subsequent myelin production of these newborn OLs can ultimately contribute to the 
reorganization of the existing myelin landscape [2]. In addition, OPCs mobilize and 
differentiate into OLs in response to injury and demyelination, allowing for new 
myelination and repair [25–27]. Thus, oligodendrogenesis is a lifelong process in the 
central nervous system (CNS), with ultimate implications for development, circuit 
function, behavior, and various brain insults. Understanding how adult OPCs are 
regulated could lead to promising therapeutic avenues for demyelinating disorders such 
as multiple sclerosis.  

Oligodendrogenesis is a complex process, and the mechanisms that control 
oligodendrogenesis are under active investigation. OPCs and OLs are sensitive to 
numerous factors, including growth factors and a wide array of hormones [28–31]. 
Hormones, at their broadest definition, consist of a signaling molecule synthesized within 
an organism that acts upon an effector via a selective receptor. The distance a hormone 
travels and its method of transportation determine its signaling classification; for example, 
endocrine hormones are released into the bloodstream to act on distant tissues, whereas 
paracrine hormones are released locally to act on nearby cells [32]. Thus, endocrine 
hormones communicate to distant organs without the need for direct, neural innervation, 
and they have wide-reaching effects on an organism, from cognitive responses to stress to 
the homeostatic regulation of blood ion concentration [32]. The production of hormones 
also changes across development and at critical stages of life, including during puberty 
and whilst pregnant. Various hormones, including estrogens and stress hormones, alter 



Biomolecules 2021, 11, 283 4 of 36 
 

neurogenesis in developing and adult mammals [33–35]. However, the role of hormones 
in gliogenesis, and in particular, oligodendrogenesis, is less well understood.  

In this review, we will explore how hormonal factors influence proliferation, 
differentiation, and survival across the OL lineage. We will restrict our discussion to the 
“classic” endocrine signaling molecules, which are typically released from a gland, travel 
through the bloodstream, and act upon distant tissues. However, several of the hormones 
discussed can also be produced by tissues in the CNS, thus acting in a paracrine fashion. 
This review will describe the effects of several major classes of hormones on 
oligodendrogenesis, including amino acid-based hormones (thyroid hormones, peptides, 
and amines) and steroid hormones (glucocorticoids and sex hormones). For each 
hormone, we will describe effects across the OL lineage in both development and 
adulthood, noting mechanisms where they are known. In a second, companion review 
[25], we discuss the implications of hormonal regulation of oligodendrogenesis for 
disorders characterized by alterations in oligodendrogenesis. We end with a discussion of 
future directions and additional considerations. 

2. Amino Acid-Based Hormones (Thyroid Hormones, Peptides and Amines) 
In this section, we discuss the role of amino acid-derived hormones and their 

receptors on oligodendrogenesis. These hormones can be genetically-encoded chains of 
two or more amino acids (peptides) or enzymatically altered compounds derived from 
single amino acids (amines and thyroid hormones). As a result, these hormones are 
typically stored in and secreted from vesicles and travel freely through the bloodstream, 
although some may be associated with binding proteins that aid in circulatory delivery 
and regulate bioavailability of the hormone. Because they are water-soluble, peptide and 
amine hormones typically act on cell surface receptors that utilize fast-acting second 
messenger systems [36]. In contrast, thyroid hormones are hydrophobic; thus, their 
mechanisms of action are more similar to steroid hormones than to peptides and amine 
hormones. For example, thyroid hormones primarily act through binding of nuclear 
receptors [37]. 

Below, we detail the roles of thyroid hormones, peptides (including insulin-like 
growth factor 1 (IGF-1), insulin, and prolactin), and the amine hormone melatonin in the 
regulation of the various stages of oligodendrogenesis. OLs have been shown through 
both transcriptional and histological studies to express the receptors for each of these 
hormones. Interestingly, while the downstream actions of these receptors are 
considerably heterogeneous, activation of many of these receptors, especially cell surface 
receptors, converge upon common signaling pathways, in particular the mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathways. These 
pathways are broadly known to regulate cellular growth and survival [38,39], and indeed, 
although substantial gaps remain in our understanding of these hormones’ effects across 
the OL lineage, each of these hormones has been shown to enhance OPC proliferation 
and/or OL survival. 

2.1. Thyroid Hormones 
Thyroid hormones (THs) are tyrosine-based hormones that act on almost every cell 

type in the body to regulate CNS development and neuronal maturation, as well as overall 
organismal metabolism [40–43]. These two hormones, triiodothyronine (T3) and 
thyroxine (T4), are produced and released by the thyroid gland and are essential for the 
development and differentiation of cells, including OLs [44]. Their structures are based 
on the combination of two tyrosine amino acids that have been enzymatically modified to 
incorporate iodine molecules. T4 is the primary circulating TH, and enzymatic 
deiodination of T4 by type 2 deiodinase (Dio2) yields T3, the functionally active TH 
[40,41]. In the rat brain, Dio2 activity and corresponding levels of T3 increase after 
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gestation and peak just prior to weaning [42,43,45]. THs cross the blood–brain barrier 
(BBB) into the CNS via various membrane transporter proteins [46].  

Thyroid hormone receptors (TRs) are part of the nuclear receptor subfamily, and they 
bind either as homodimers or heterodimers to thyroid response elements (TREs) in DNA 
to alter gene expression [37]. In fact, TR binding to TREs occurs primarily due to 
heterodimerization with the retinoid X receptor (RXR) [47]. Interestingly, in the absence 
of TH or under conditions of low TH, unliganded TRs form a complex with co-repressor 
proteins, inhibiting gene transcription [37]. There are two primary classes of TR 
isoforms—TRα and TRβ—which are highly homologous but differ in their N-termini and 
their distribution across tissues in the body [48]. TRα and TRβ each produce several splice 
variants, three of which bind T3: TRα1, TRβ1, and TRβ2. Although nuclear receptors 
traditionally act at the level of transcription, TRs can also have non-genomic effects. For 
example, both TRα1 and TRβ2 can act via PI3K/AKT pathways to exert rapid effects 
[49,50]. Lastly, in addition to nuclear TRs, THs can bind to a transmembrane receptor, the 
integrin αvβ3 dimeric receptor, to exert non-genomic effects [51]. 

Nuclear TRs are expressed in OLs, both in vitro and in vivo [52–55]. Interestingly, 
expression differs across the OL lineage [56]. Specifically, OPCs express TRα, while 
differentiated OLs express both TRα and TRβ [52,53,57,58]. In addition, TRs dimerize with 
other nuclear receptors expressed in OLs [59], including vitamin D3 receptors, peroxisome 
proliferator-activated receptors, and the RXR [60–62]. Pre-myelinating, immature OLs 
from postnatal day (p) 0–2 rat pups also express the transmembrane receptor, αvβ3 [63], 
which regulates OL differentiation through a non-genomic pathway; in particular, 
binding αvβ3 activates PI3K/AKT and ERK pathways that help translocate TRs from the 
cytosol to the nucleus [64]. Together, expression of these receptors enables THs to affect 
oligodendrogenesis [65]. 

Effects on Oligodendrogenesis 
At the earliest stages of the OL lineage, THs regulate proliferation, differentiation, 

and cell death of both developing and adult NSCs isolated from rodents. For example, TH 
is required for embryonic mouse NSC maintenance and proliferation; pharmacological 
depletion of TH inhibits proliferation, and TH binding to the αvβ3 receptor increases 
proliferation of cortical progenitors [66]. Excessive TH, however, can also have a negative 
effect on embryonic NSC proliferation [67], suggesting that there may be an optimal 
amount of TH for NSC proliferation. In addition to effects on proliferation, T3 also 
promotes embryonic NSC differentiation in vitro, promoting cells to differentiate toward 
a mixed glial fate [68]. Specifically, OPC quantities increase three-fold in the presence of 
T3 [69]. This effect requires the presence of the glycoprotein transferrin, which increases 
TRα1 expression [70]. Similar effects on oligodendrogenesis are observed in adult-derived 
NSCs. Consistent with the inverted U function of TH action, hyperthyroidism reduces 
NSC proliferation. Furthermore, treating adult-derived NSCs with T3 favors OPC 
differentiation [71,72]. Lastly, T3 acts not only on NSCs; treating OPPs (PSA-NCAM+) 
isolated from newborn rats with T3 enhances fibroblast growth factor 2 (FGF2)-mediated 
cell growth [68].  

TH is also an essential hormone in modulating OPC proliferation and driving OPC 
differentiation. In particular, T3 prompts OPCs derived from developing rats to exit the 
cell cycle and differentiate into mature OLs [44,73,74]. The mechanisms of this switch are 
only partially elucidated and appear to depend in part on TRs [58,75–77]. T3 binding to 
TRα1 leads to complete arrest of OPC proliferation in vitro [78], and the absence of TRα1 
results in continued proliferation of OPCs [76]. TRα2 mRNA, which encodes a dominant-
negative form of TRα, also decreases as OPCs proliferate, which may create a permissive 
state for TRα1 action and subsequent OPC differentiation [58]. Thus, several forms of TRα 
are involved in prompting OPCs to exit the cell cycle. TR-dependent effects on OPC 
differentiation are a bit more complex. Given that TRβ expression is confined to 
differentiated OLs, it is suggested that TRα receptors facilitate the effect of TH on OPC 
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differentiation, while TRβ aids in terminal differentiation into mature OLs [58]. Indeed, 
overexpression of TRα accelerates rodent OPC differentiation in culture [77]. However, 
applications of TRβ agonists and TRβ overexpression also increase OPC differentiation; it 
is unclear if these effects are truly TRβ dependent or whether this exogenous upregulation 
of TRβ acts at the same TREs as TRα [58,75]. Importantly, these studies have all been 
conducted in vitro; in vivo studies will be necessary to confirm both the effects of TH on 
OPC development, and the role of specific TR variants.  

THs also induce OL maturation and alter OL morphology [71,79–84]. Specifically, 
THs promote both morphological and functional maturation of OLs through interactions 
with MBP promoter regions and transcriptional regulation of other genes such as myelin 
oligodendrocyte glycoprotein and glutamine-synthase [79,81–84]. Consistent with these 
findings, TH deficiency shortens the elongation process of mature OLs [80] and delays 
expression of MBP and 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase), a myelin-
associated enzyme [81]. T3 can also act in conjunction with 9-cis retinoic acid (which binds 
to RXR) to increase the number of pre-myelinating OLs, increase OL morphology 
complexity, and increase MBP expression [85,86]. Interestingly, in rodents, OL maturation 
is only influenced by T3 in the first three weeks of life after birth [87]. During that time, 
THs also enhance OL survival [88]. This effect may occur through TH’s ability to regulate 
survival-specific growth factors such as neurotrophin-3 and IGF-1 [89–92]. Outside of this 
time window, OLs no longer require TH to survive [88]. These findings suggest that TH 
may no longer have a role in OL maturation and survival in adulthood under 
physiological conditions. These differences in TH action across the lifespan are highly 
unexplored and are a fruitful area for future study. 

Overall, THs potentiate oligodendrogenesis along the OL lineage, from specification 
of NSCs towards an OL fate, to cell cycle arrest and differentiation of OPCs, to maturation 
of immature OLs and increasing myelination in mature OLs.  

2.2. Insulin-like Growth Factor 1 (IGF-1) 
IGF-1 is a 70 amino acid peptide that contributes to cell growth and proliferation, as 

well as cell survival [93–95]. This peptide is produced in the liver, and its secretion is 
stimulated by growth hormone (GH) and the GH receptors [96]. In the bloodstream, IGF-
1 is largely bound to IGF-1 binding proteins [97]. In addition to hormonal delivery via the 
bloodstream, IGF-1 can be synthesized locally in the CNS by neurons and glia, including 
OLs [98,99]. 

While no studies to date demonstrate expression of GH receptors in OLs, all CNS 
cells, including OLs, express the IGF-1 receptor (IGF1R), a cell surface receptor with 
tyrosine kinase activity [94,100–102]. Ligand binding to IGF1R primarily induces the 
PI3K/AKT and the MAPK/ERK signaling cascades, which broadly inhibit apoptosis and 
promote mitogenesis, contributing to IGF-1’s function in cell survival and tissue 
maintenance [103]. IGF-1 can also bind with low affinity to the insulin receptor (IR) [104]. 

Effects on Oligodendrogenesis   
Overall, studies performed in vitro suggest that IGF-1 increases oligodendrogenesis 

by enhancing OPC survival, promoting OPC differentiation, and inhibiting apoptosis of 
developing OLs. At the earliest progenitor stages, IGF-1 promotes the survival of neonatal 
rat-derived PSA-NCAM+ progenitors in culture [105]. While IGF-1 alone does not 
promote proliferation of these cells [105], IGF-1 can act synergistically with growth factors 
such as epidermal growth factor and FGF2 to promote NSC proliferation [105,106]. In 
addition, IGF-1 biases NSCs towards an OL fate; specifically, IGF-1 greatly increases 
oligodendrogenesis from NSCs of the adult rat dentate gyrus, an effect driven by Noggin 
and SMAD family member 6 inhibition of bone morphogenic protein signaling [107].  

Specifically in the OL lineage, IGF-1 dose-dependently promotes OPC survival in 
vitro through PI3K-dependent inhibition of caspase-3 (a crucial mediator of apoptosis) 
and subsequent cell death [17,108,109]. IGF-1 is therefore a potent survival factor for OPCs 
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[108,110,111]. This effect persists past the proliferative phase of OL development, 
suggesting that IGF-1 promotes survival across the OL lineage [17,108]. 

While the anti-apoptotic effects of IGF-1 are well established, the mitogenic 
properties of IGF-1 on OPCs are less clear. Early in vitro experiments suggested that 
application of IGF-1 enhances proliferation of bipotential rat oligodendrocyte-type 2 
astrocyte progenitor cells (O-2A, now commonly referred to as OPCs) [112]. Subsequent 
studies further demonstrated that IGF-1 induces [3H] thymidine and BrdU incorporation 
in neonatal rat cultured OPCs, indicating increased proliferation [113,114]. However, 
additional experiments have countered this, arguing that application of IGF-1 does not 
induce proliferation in OPCs derived from p7 mice or adult humans [17,115].  

Differences between these experiments may be explained by OPC purity, 
experimental timing, or the age of animals from which cultures were derived. Such 
differences have broader implications for future studies of hormonal regulation of 
oligodendrogenesis. Firstly, an increasing number of studies demonstrate glia release 
factors that modulate neurogenesis [116–118]; hence, contamination of OPC cultures or 
the use of mixed glial cultures could influence oligodendrogenesis via indirect effects of 
IGF-1 on astrocytes or microglia, an important consideration for in vitro studies. Secondly, 
while co-applying BrdU and IGF-1 yields uptake of BrdU in OPCs, application of BrdU 
24 h after IGF-1 treatment does not [17,113]. This suggests that IGF-1 may induce a small 
and/or transient increase in OPC proliferation. Indeed, in experiments with co-application 
of IGF-1 and BrdU, IGF-1-induced proliferation is inhibited by PI3K, MAPK kinase kinase 
1 (MEK1), and Src-like tyrosine kinase inhibitors, which align with the mitogenic role of 
PI3K and MEK1 signaling in other cell types, as well as broader mitogenic properties of 
IGF-1 signaling [119,120]. Furthermore, the age at which primary cultures are obtained 
should be considered when comparing literature with cultured OPCs. OPC generation 
and migration through the developing rodent forebrain occurs in separate waves, with 
the final wave beginning around birth [121]. OPCs from the final wave compete with 
existing OL precursors and become the predominant OPC in many brain regions by p10. 
Although they maintain similar capacities for myelination, the responses of these separate 
OPC lineages to survival and proliferative factors are poorly understood. In fact, neonatal 
rat-derived OPCs may differ in their response to IGF-1, showing less IGF-1-induced 
differentiation to mature OLs as compared to their adult-derived counterparts [122]. This 
effect may be driven by differences in transcriptional profiles of proliferative and survival-
related genes in neonatal- vs. adult-derived OPC cultures [122]. Lastly, culture conditions 
should be noted. Again, IGF-1 can act in concert with growth factors to promote the 
proliferation of OPCs, but IGF-1 alone may have little effect [123]. 

Altogether, although the primary effect of IGF-1 is to inhibit apoptosis [114], IGF-1 
may induce a small and transient PI3K/MEK1-dependent proliferative effect on OPCs. In 
support of this, loss of IGF1R specifically in Olig1-expressing cells results in a small 
decrease in proliferating NG2+ cells in young (2-week-old) mice [111]. Additional 
experiments with, for example, live cell imaging on highly pure cultures to quantify cell 
cycle entry in real time would advance understanding of IGF-1’s effects on OPC 
proliferation.  

These studies demonstrate that IGF-1 stabilizes, and perhaps modestly amplifies, the 
OL progenitor pool. Further studies suggest that IGF-1 also promotes the commitment of 
glial progenitors to an OL fate. Indeed, early in vitro work posited that IGF-1 promotes 
the maturation of neonatal and embryonic rat-derived intermediate OPCs, as indicated by 
a higher percentage of O-2A progenitors progressing to immature OLs [112,124]. 
However, little else has been done to investigate whether and how IGF-1 promotes 
differentiation and maturation of OLs from OPCs beyond promoting cell survival. 
Similarly, few studies have addressed whether IGF-1 promotes the transcriptional or 
structural enhancement of myelinogenesis, either in development or during adulthood. 
While several studies demonstrate that IGF-1 upregulation increases myelin content in 
vitro and in vivo [124,125], this effect may be explained by greater numbers of surviving 
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and differentiated OLs. One study has suggested that IGF-1 enhances transcription of 
myelin proteins from OLs [126]; however, this study utilized Northern blots in mouse 
mixed glial cultures. Studies with pure OL cultures and more quantitative methods of 
measuring transcription would strengthen our understanding of the effects of IGF-1 on 
OL maturation and myelinogenesis. 

Ultimately, IGF-1 amplifies the number of mature, myelin-producing OLs in culture 
[100]. IGF-1 acts on multiple stages of OL development, from stem cell OL commitment 
to survival of mature OLs. This work in cell culture aligns well with in vivo studies in 
which IGF-1 signaling is either constitutively enhanced or reduced, leading to enhanced 
or reduced myelination, respectively. Specifically, mice deficient in GH or IGF-1 display 
widespread reductions in CNS myelination throughout development [127–129]. 
Conversely, mice overexpressing IGF-1 have larger brains with greater myelin content 
[130]. This is true as well when IGF-1 overexpression is restricted to astrocytes and OLs 
[131,132]. Loss of IGF1R specifically in either immature (Olig1+) or mature (PLP+) OLs 
results in developmental reductions in brain weight, OPC density, OL density, and 
myelination [111].  

Each of these experiments utilized transgenic animals with constitutive transgene 
expression. Interestingly, while transgenic overexpression of IGF-1 produces a consistent 
elevation in brain weight and myelination throughout development, these measures 
stabilize by adulthood, suggesting that there may be a developmental window and/or 
diminishing effects for IGF-1 on OLs and myelinogenesis [125,132]. While studies in 
adulthood are limited, one study assessed OL turnover in a rat model of adult-onset loss 
of GH and IGF-1 production [133]. Following loss of GH/IGF-1 signaling, the total number 
of proliferating (BrdU+) cells in the corpus callosum decreased, as well as the number, but 
not the percentage, of BrdU/PDGFR-ɑ+ OPCs. Similar results were found for immature 
(glutathione-S-transferase-pi, GST-pi+ and adenomatous polyposis coli, APC+) OLs, 
suggesting a role for IGF-1 on OPC and OL survival in the adult brain [133]. Additional 
studies utilizing transgenic lines with temporally controlled genetic manipulation of IGF-
1 signaling would greatly enhance our understanding of IGF-1’s role in 
oligodendrogenesis, specifically in adulthood. In addition, more detailed analyses of the 
mechanisms of IGF-1’s effects on OPC differentiation, OL maturation, and myelination 
would aid in determining whether IGF-1’s actions extend beyond survival and might 
enhance remyelination in disease contexts. 

2.3. Insulin 
Insulin is a 51 amino acid metabolic hormone that regulates glucose homeostasis by 

enhancing glycogen synthesis as well as the metabolism of other molecules such as lipids 
and certain amino acids [134]. In addition, insulin can promote cell division and growth, 
while also affecting behaviors such as food intake [135,136]. Insulin can be delivered to 
the CNS via circulation and transport across the BBB [137]. However, insulin transcription 
has also been detected in neural and glial cultures, suggesting that insulin can act in both 
an endocrine and paracrine fashion on CNS cells [138,139]. Insulin binds to the insulin 
receptor (IR), a cell surface receptor with tyrosine kinase activity that, in the CNS, is 
expressed in the olfactory bulbs, the arcuate nucleus of the hypothalamus, and the 
hippocampus [140]. The IR is also expressed in all types of CNS cells, including OLs 
[141,142]. In addition, insulin can bind to IGF1R, albeit with a lower affinity than IGF-1 
[104]. 

Effects on Oligodendrogenesis 
Given the evolutionary relatedness of insulin and IGF-1 and the known crosstalk 

between their receptors, it is not surprising that insulin exhibits effects on 
oligodendrogenesis that are similar to those of IGF-1. Indeed, insulin promotes adult rat 
NSC differentiation towards the OL lineage and promotes p6–8 rat OPC and OL survival 
in culture [107,108,143]. Furthermore, similar to IGF-1, insulin increases the percentage of 
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differentiated OLs from cultured p6–8 rat OPCs, suggesting enhanced OPC differentiation 
and/or OL survival [143]. Notably, at the high concentrations (e.g., 5000 ng/mL) used in 
some of these experiments, insulin can bind IGF1R and act via the mechanisms detailed 
above. However, dose–response experiments suggest that insulin can also act 
independently of IGF1R at physiological concentrations [108]. In addition, insulin may 
have the ability to increase MBP levels in vitro. Specifically, neonatal rat OPCs prepared 
from mixed glial cultures show an insulin dose-dependent increase in MBP protein [144]. 
However, in this study, insulin had no direct effect on MBP mRNA levels, and similarly 
to IGF-1, the observed increase in MBP protein may be due to enhanced differentiation 
and/or survival of OLs [144]. The specific actions of IR on oligodendrogenesis remain 
poorly understood, and future studies should determine whether and how insulin 
modulates OL differentiation, survival, and maturation independent of IGF1R. For 
example, the effects of insulin could be tested in the absence of IGF1R signaling, either via 
genetic ablation or selective receptor antagonism of IGF1R. In addition, all of the work 
noted here was performed in vitro. Given the high insulin levels that accompany disorders 
such as adult-onset type 2 diabetes, future work should also seek to determine whether 
insulin, either through IR or IGF1R, or insulin resistance modulates adult 
oligodendrogenesis using in vivo models. 

2.4. Prolactin 
Prolactin is a 199 amino acid peptide that is best known for promoting lactation but 

also regulates diverse functions including sexual and parental behavior, 
immunomodulation, and osmoregulation [145]. Circulating prolactin is produced by the 
anterior pituitary and can cross the BBB; however, prolactin can also be produced locally 
by tissues such as the mammary glands, placenta, and brain (including regions such as 
the cortex, amygdala, thalamus, and hippocampus) [145–149]. Prolactin release by the 
anterior pituitary is environmentally modulated by a number of stimuli, including stress, 
daylength, and infant suckling, and is neurally modulated by a number of signaling 
molecules that exhibit stimulatory (e.g., thyrotropin releasing hormone, oxytocin) or 
inhibitory (e.g., dopamine, somatostatin) regulation of prolactin release [145,150,151].  

The prolactin receptor (PRLR) is a transmembrane receptor of the type 1 cytokine 
superfamily [145]. PRLR activation induces a kinase cascade primarily involving the Janus 
kinase/signal transducer and activator of transcription signaling pathway, which 
contributes to cellular growth and proliferation [152]. PRLR can also act via PI3K and 
MAPK signaling pathways [145]. PRLR is expressed in several regions of the brain 
[153,154]; however, only one study to date has examined expression of PRLR in the OL 
lineage. Specifically, a subset of PDGFRα+ OPCs in the corpus callosum and spinal cord 
express PRLR [155]. This offers a potential mechanism by which prolactin may alter 
oligodendrogenesis in the CNS. 

Effects on Oligodendrogenesis 
Although the entirety of prolactin’s actions on the OL lineage are not known, 

prolactin may act on OPCs to enhance oligodendrogenesis. In NSC cultures derived from 
both the adult mouse subventricular zone and human embryos, prolactin stimulates NSC 
proliferation [156–158]. Furthermore, in OPC neurospheres (i.e., clusters of OPCs in 
culture) derived from the corpus callosum of adult female mice, prolactin treatment 
increases the number and size of OPC neurospheres and increases the proportion of OLs 
in culture, suggesting that prolactin enhances OPC proliferation and differentiation [155]. 
Interestingly, OPC proliferation, OL generation, MBP expression, and numbers of 
myelinated axons in the corpus callosum and spinal cord are all increased during 
pregnancy in mice, and heterozygous loss of PRLR function attenuates the pregnancy-
associated increase in OPC proliferation [155]. Furthermore, administration of exogenous 
prolactin to virgin mice increases OPC proliferation [155]. Although this suggests that 
prolactin can act either directly or indirectly on OPCs to promote proliferation, these 
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findings are in contrast to work performed in OPC-enriched neurosphere cultures derived 
from the adult rat hippocampus (with 75% A2B5+ cells), in which seven days of prolactin 
treatment had no effect on cell numbers and no effect on differentiation into MBP+ OLs 
[159]. Whether prolactin acts on OPCs to enhance proliferation merits further 
investigation. Interestingly, prolactin may exhibit some protective effects in 
demyelinating conditions [25,155]; however, beyond the few studies cited here, little else 
has been done to investigate whether and how prolactin acts on the various stages of the 
OL lineage outside of disease contexts. Our understanding of the effects of prolactin on 
oligodendrogenesis would benefit from work with highly pure OL cultures, targeted 
disruption of prolactin signaling in the OL lineage, and a closer investigation of the 
intracellular mechanisms that mediate prolactin’s direct and indirect effects on OPCs and 
OLs. 

2.5. Melatonin 
Melatonin is an indolamine neurohormone derived from the amino acid tryptophan 

by way of serotonin. It is produced primarily by the pineal gland, although small amounts 
of melatonin may also be produced by other regions of the brain [160]. In addition, retinal 
and gut tissue can produce melatonin for local action [161]. Melatonin production is 
indirectly controlled by the suprachiasmatic nucleus, and retinal exposure to bright light 
indirectly inhibits melatonin production [162,163]. 

Melatonin is released into circulation and readily crosses the BBB. Melatonin binds 
two G-protein coupled receptors, melatonin receptor 1 (MT1) and 2 (MT2). MT1 is coupled 
to Gi proteins that inhibit adenylyl cyclase cAMP production and, hence, protein kinase 
A (PKA) activity [164]. Additionally, MT1 is coupled to Gq/11 proteins that stimulate 
phospholipase C (PLC) activity and MEK/ERK signaling. Melatonin binding to MT1 also 
activates Kir3 inward-rectifying potassium channels. MT2 activates similar cascades to 
MT1, but also inhibits guanylyl cyclase [164]. Through these receptors, melatonin entrains 
central and peripheral tissues to the circadian rhythm, thereby regulating sleep–wake 
cycles, circadian hormone release, metabolism, and other daily or seasonal rhythms. In 
addition, melatonin exerts anti-inflammatory actions by normalizing pro-inflammatory 
cytokine levels, inhibiting inflammatory signaling cascades, and scavenging free radicals 
[165,166]. One study has shown that neonatal rat OLs express, to some extent, both MT1 
and MT2, suggesting that melatonin may regulate oligodendrogenesis [167]. 

Effects on Oligodendrogenesis 
Interest in melatonin’s effects on oligodendrogenesis began with studies 

demonstrating that melatonin is neuroprotective against white matter damage [168,169]. 
However, the mechanistic effects of melatonin on oligodendrogenesis are largely 
unknown. In embryonic mouse-derived NSC cell culture, application of melatonin over 
five days increases the percentage of MBP+ cells as compared to vehicle or PDGF 
application [170]. This suggests that melatonin may enhance NSC-derived OL 
differentiation or survival. Similar increases in OL numbers were found with melatonin 
application to NSC neurospheres cultured from the adult mouse subventricular zone, 
suggesting that melatonin acts across development to enhance OL differentiation from 
NSCs [171].  

Melatonin may also influence OL maturation. In studies of OL lineage cultures 
derived from neonatal rats, melatonin did not alter the number of immature (O4+) OLs 
but significantly increased the number of mature, myelinating (MBP+) OLs [167]. 
Moreover, similar effects were found in vivo. Specifically, neonatal rat pups subjected to 
uterine artery ligation to induce white matter damage were treated for three days with 
melatonin. While total (Olig2+) OL cell loss was not affected, mature (APC+) OL numbers 
were partially rescued in the cingulate and corpus callosum; this effect was thought to be 
through maturation because melatonin treatment did not affect OL cell death [167]. 
Together, these results suggest that melatonin does not alter OL differentiation but 
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increases OL maturation. However, these results may be muddled by the fact that, in the 
in vitro experiments, the cultured cells included astrocytes and microglia, which also 
express the melatonin receptors [167,172]. Specifically, the authors demonstrated that 
melatonin attenuates microglial activation [167]. Hence, it is unclear whether melatonin 
acts directly on OLs themselves or whether it acts on surrounding microglia to promote 
OL maturation indirectly. Experiments with highly pure cultures of OLs or OPCs could 
address this question.  

Interestingly, one study more directly assessed the protective effects of melatonin on 
OL survival. Hypoxic conditions induce expression of caspase-3 in OLN-93 cells derived 
from p1 rats [173]. Applying melatonin to the culture medium attenuated hypoxia-
induced caspase-3 expression, suggesting that melatonin acts on OLs to inhibit apoptotic 
cascades.  

Overall, melatonin may regulate oligodendrogenesis by promoting NSC 
commitment to the OL lineage, OL maturation, and OL survival. However, the number 
of studies supporting these claims are small, and several questions remain regarding both 
the physiological and mechanistic effects of melatonin on oligodendrogenesis. For 
instance, the effects of melatonin on OPC proliferation have not been tested. Given MT1 
and MT2’s known interactions with MEK/ERK proteins, future studies could, for example, 
test the mitogenic role of melatonin on OPCs and/or the role of MEK signaling in 
melatonin’s regulation of oligodendrogenesis. Furthermore, the effects of melatonin on 
OL survival have only been tested under hypoxic condition; whether and how melatonin 
promotes OL survival under baseline conditions is not known. In addition, given the 
expression of melatonin receptors on microglia and astrocytes, it remains unclear whether 
results from existing in vitro experiments are due to direct actions of melatonin on OLs or 
indirect actions on contaminating glial cells. Additional studies with melatonin receptor 
signaling disrupted specifically in the OL lineage would be interesting and beneficial. 

3. Steroid Hormones 
Steroid hormones are hydrophobic molecules synthesized from cholesterol that 

consist of three cyclohexanes and one cyclopentane with alternating enol and ketone 
groups [174]. This class of hormones encompasses a wide range of molecules with 
differing functions, including the regulation of reproduction, stress, and metabolism. As 
lipophilic molecules, steroids bind to carrier proteins in the bloodstream, such as 
corticosteroid-binding globulin for the glucocorticoids [175], but readily cross the plasma 
membrane. Once inside the cell, steroids bind to intracellular receptors, which may be 
sequestered in either the cytoplasm or nucleus. Steroid hormone binding at the ligand-
binding domain of the receptor induces translocation of cytoplasmic receptors to the 
nucleus. Broadly, ligand-bound intracellular receptors act as transcription factors. 
Specifically, the DNA-binding domain of the receptor recognizes distinct sequences in the 
promoter regions of genes, for example the glucocorticoid response element or estrogen 
response element. Binding of the steroid–receptor complex to these elements ultimately 
alters gene expression. In contrast to this genomic route of action, steroids can also bind 
specific membrane-bound receptors. These receptors act through fast-acting second 
messenger systems and allow for rapid induction of kinase cascades with various cellular 
functions.  

For this review, we will focus on a subset of steroid hormones synthesized primarily 
in the adrenal cortex and gonads, namely the stress and sex hormones. Stress hormones 
such as glucocorticoids, and sex hormones such as estradiol, progesterone, and 
testosterone, impact neurogenesis and gliogenesis in the CNS, as well as OL survival and 
remyelination in multiple sclerosis and other myelin-related diseases [25,31,176,177]. As 
we will discuss below, steroid hormones influence OL development and myelination in 
both development and adulthood. In particular, cells across the OL lineage express the 
classical nuclear receptors of each steroid hormone, as well as additional membrane 
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receptors. Through both genomic and non-genomic mechanisms, then, steroids act to 
increase OPC differentiation and enhance maturation/myelination of OLs. 

3.1. Glucocorticoids 
Glucocorticoids (GCs) are one of the primary stress hormones for almost all animals. 

This family includes endogenous cortisol (the primary GC for humans) and corticosterone 
(Cort; the primary GC for rodents), as well as synthetic hormones such as dexamethasone 
(Dex). GCs are released in a circadian manner, in response to physiological cues, and 
under stressful conditions [178]. They are the end product of the hypothalamic–pituitary–
adrenal axis, which starts in the hypothalamus and ends with the release of GCs from the 
adrenal cortex into the bloodstream [179,180].  

GCs can bind to two receptors: mineralocorticoid receptors and glucocorticoid 
receptors (GRs), both of which are intracellular receptors typically located in the 
cytoplasm [181]. The activation of these receptors produces effects across the body, 
leading to the mobilization of energy substrates and the suppression of inflammation, 
among other functions [178]. GRs are also found in all cell types in the CNS [178]. In 
particular, GRs, and to a lesser degree mineralocorticoid receptors, have been identified 
in both immature and mature OLs [142,182–184]. The identification of GRs on OLs 
provides a direct mechanism by which stress hormones may alter OL development and 
myelination. Here, we describe GC effects on developmental oligodendrogenesis 
separately from effects in adulthood because, unlike the other hormones, there is a large 
amount of literature specifically on GC’s impact in adult-derived cells and adult animals. 

3.1.1. Effects on Developmental Oligodendrogenesis 
GCs play an important and complex role in early OL cell development: while GCs 

can increase OL differentiation and maturation, their effects may depend on both timing 
and dosage. Several seminal studies found that postnatal adrenalectomy profoundly 
changes myelination in the developing brain [185,186], providing an initial indication that 
GCs may be involved in OL development and myelination. Some of the first evidence 
from in vitro studies suggested that GCs promote differentiation and survival of cells 
along the OL lineage. In mixed glial cell cultures generated from one-week-old rat pups, 
hydrocortisone not only enhanced survival of all glial cells, it also increased the ratio of 
OLs relative to other glial cell types [187]. In subsequent studies, an increase in the number 
of OPCs was also observed following Cort or Dex application to OPC-enriched cultures 
(90% A2B5+), and GCs protected against inflammatory cytokine-induced cell death [188]. 
However, administering Dex in vivo to neonatal rats for five days reduced the number of 
OPC (O4+) cells in the corpus callosum, and induced morphological changes associated 
with cell death [189]. Thus, GC effects on survival may differ in vivo or when levels of 
GCs exceed the physiological range. 

GCs act to regulate the timing of OPC differentiation into OLs. In cultured OPCs 
purified from p8 rat brains, when in the presence of mitogens, GCs induced slowing of 
proliferation and increased OL differentiation from OPCs [44]. However, such stimulatory 
effects of GCs on OL differentiation are not always observed. For example, in OLN-93, an 
oligodendroglial cell line derived from p1 rats, Dex inhibited the expression of CNPase, a 
marker of OL differentiation [190]. Differences in GC effects on differentiation may be 
dependent on developmental stage. In a study with cells cultured from embryonic rats, 15 
days of Dex treatment increased the OL markers CNPase and MBP, while 25 days of Dex 
treatment inhibited these same markers [191]. It is unclear, however, whether this 
reduction in OL markers was due to the prolonged exposure to Dex or whether this effect 
was dependent on cellular developmental age. Furthermore, this study utilized 
aggregated cell cultures containing both neurons and glia; thus, interactions between cell 
types cannot be ruled out. 

GCs may also affect OL maturation and myelogenesis in early development. 
Hydrocortisone treatment of primary cell cultures derived from newborn rat cortices 
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increased transcripts and protein for three myelin markers: glycerol phosphate 
dehydrogenase (GPDH), a general marker of OLs, as well as MBP and PLP, proteins 
associated with mature OLs and the myelin sheath [192,193]. These effects of 
hydrocortisone were only observed when treating cells that had been in culture for at least 
nine days [193]. Future studies should therefore test whether these effects are age-
dependent by directly comparing OL cultures derived from neonatal animals with 
cultures derived from animals later in development.  

Importantly, many of the studies described above used mixed glial cultures, and 
therefore, observed effects on oligodendrogenesis could occur indirectly via GC-induced 
alterations in astrocytes or microglia. Indeed, one study treated purified OPC and OL 
cultures derived from neonatal rats with Dex and found that Dex had no effect on 
oligodendrogenesis and altered few gene transcripts [194]. In contrast, Dex led to 
widespread transcriptional changes in microglia and astrocyte cultures [194]. Thus, 
culture purity is an important consideration for future in vitro studies, and it remains 
unclear how interactions with other glial cells might affect oligodendrogenesis. 

3.1.2. Effects on Adult Oligodendrogenesis 
GCs can also have an effect on OL differentiation, proliferation, and maturation in 

the adult brain. In line with observations in the developing brain, GCs inhibit OPC 
proliferation in adults. For example, in adult adrenalectomized rats, prolonged GC 
exposure (15 days of 10 mg/kg) inhibits OPC proliferation, leading to fewer NG2+ cells in 
white and grey matter across the forebrain, including in much of the hippocampus [195]. 
A second study also found that one week of daily Cort injections (40 mg/kg) led to reduced 
proliferation of BrdU+/NG2+ OPCs in the adult rat hippocampus in the molecular layer 
and hilus regions, but not in the granule cell layer [196]. Furthermore, 15 days of chronic 
unpredictable stress decreased the number of BrdU+ OPCs across the cerebral cortex of 
the adult rat [197]; this effect only appeared three weeks following stress exposure, and 
while overall numbers were reduced, the percentage of BrdU+/NG2+ cells was not 
changed [197]. It is worth noting that results from these studies are unable to determine 
whether stress and GCs have an effect on OPC survival or whether reduced numbers are 
due to increased OPC differentiation into mature OLs. 

While these studies identified fewer OPCs in the hippocampus following GC 
administration, others have found that stress exposure increases OL markers such as 
GPDH in the adult hippocampus [198,199]. GPDH is an enzyme that is unique to OLs in 
the rodent brain and is known to be upregulated by GCs [200,201]. A study by our own 
lab found that seven days of either immobilization stress or Cort injections increased 
oligodendrogenesis in the dentate gyrus of the adult rat hippocampus [21]. Specifically, 
stress and Cort decreased neurogenesis and increased oligodendrogenesis, indicated by a 
greater percentage of BrdU+ cells co-labeled with MBP. In addition, in a tamoxifen-
inducible Nestin–CreER transgenic mouse line with NSCs fluorescently identifiable by 
yellow fluorescent protein (YFP), we found that Cort induces oligodendrogenesis in the 
hippocampus, with a greater percentage of YFP+ cells co-labeled with GST-pi, a marker 
of immature to mature OLs. Furthermore, exposure of cultured NSCs to Cort increased 
the pro-OL transcription factors Olig1 and Olig2 and the percentage of MBP+ cells. These 
effects were found to be dependent on GR signaling; blocking GRs with a dominant 
negative viral vector led to lower numbers of OLs and reduced pro-OL factors compared 
to controls [21].  

Taken together, a complex picture emerges for GC effects, including decreases in 
OPC proliferation and increases in OLs. These reported studies utilized different stress 
timelines and analyzed different markers along the OL lineage. It is plausible that stress 
exposure, and/or stress hormones such as Cort, may reduce the number of dividing OPCs 
and instead push OPCs to differentiate into immature or mature OLs. Future studies 
should examine OPCs and OLs within the same study to test this hypothesis.  
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GCs also have an impact on adult OL maturation and myelin morphology. In a study 
by Miyata et al. (2011), daily water immersion and restraint stress for three weeks 
increased plasma Cort levels and induced morphological changes in OLs in the corpus 
callosum, resulting in greater OL arborization compared to control animals. This was 
replicated in vitro via administration of Dex for two days in OL cell cultures. These stress-
induced morphological changes are dependent on serum glucocorticoid-regulated kinase 
1 (SGK1) and endogenous N-myc downstream-regulated gene 1 (NDRG1) signaling. 
Stress exposure leads to increased SGK1 phosphorylation, and subsequent increases in 
NDRG1 phosphorylation; together, SGK1 and NDRG1 upregulate the expression of 
adhesion molecules in OLs, specifically N-cadherin, and alpha- and beta-catenin, 
molecules involved in the stabilization of adherent junctions. While many other adhesion 
molecules expressed in OLs have been shown to aid in OL–axon signaling, promoting 
myelination [202], the functional role for these particular adhesion molecules in OLs 
remains unknown. In OL cultures derived from neonatal rats, overexpression of SGK1 
and NDRG1 was sufficient to replicate the effects of Dex and stress, confirming a role for 
this pathway in stress-induced alterations of OL morphology [203]. A subsequent study 
found that exposure to acute stress also led to increased SGK1 expression in mature, MBP+ 
OLs. This effect was absent in adrenalectomized mice and restored with Cort injections, 
indicating that Cort is necessary for this effect [204]. Cort-induced changes in SGK1 
expression were observed in white matter OLs, but not in grey matter OLs [204]. Future 
work could aim to determine why only grey matter OLs were affected. 

3.2. Sex Hormones 
Sex hormones, including estrogens, progestogens, and androgens, all modulate 

oligodendrogenesis and myelogenesis [31,205]. Interestingly, males and females display 
regional differences in white matter density [206,207]. Sex hormones might account for 
some of these sex-specific patterns of myelination. 

3.2.1. Estrogens 
Estrogens, the major family of female sex hormones, are produced primarily by the 

ovaries. Estrogens have many physiological functions for both male and female animals, 
including the promotion of sexual maturation. Estrogen receptors (ERs) are found in 
many different cell types, including in OLs [208–211]. There are three major classes of 
endogenous estrogens: estrone, estradiol, and estriol. Of these, 17-β estradiol (E2) is 
considered to be the most potent and the most prevalent [212]. Interestingly, however, an 
optical isomer of E2, 17-α estradiol, is found at higher levels in the brain and can be 
produced in both sexes following gonadectomy [213].  While produced at higher levels in 
females, males also produce estradiol [214–216]. Specifically, tissues that contain 
aromatase, including in extragonadal sites, convert testosterone to E2 [217–219].  

Estrogens primarily act at two intracellular receptors, ERα and ERβ, both members 
of the nuclear receptor family. While both isomers of estradiol are able to bind to these 
ERs, ERα and ERβ differ in their localization in both the body and within the CNS 
[220,221]. In addition to intracellular ERs, estrogens can activate membrane-bound 
receptors such as the G-protein coupled receptor, GPR30, which produce more rapid 
physiological responses [222–224]. Binding of GPR30 is estrogen selective; other 
hormones, including progesterone, cortisol, and testosterone, are not able to bind to 
GPR30 [225,226]. Collectively, activation of these receptors leads to the many downstream 
effects of estrogens.  

Importantly, NSCs, OPCs, and mature OLs express all three forms of estrogen 
receptors: ERα, ERβ, and GPR30 [208–211,227–230]. Interestingly, in addition to being 
found in the nuclei, ERα and ERβ can also be localized in the membrane and cytosol of 
OLs, and the relative expression and localization of these receptors may change along the 
OL lineage [208,211,228]. For example, NSCs display higher expression of ERβ relative to 
ERα [230,231]. Localization of ERs may also differ based on OL maturity. For example, 
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one group identified ERα localized primarily in the nucleus and ERβ primarily in the 
cytoplasm of OLs [211]. In contrast, others showed ERα expression in the cell membrane 
and perikaryon in addition to the nucleus, while ERβ was located mainly in the nucleus 
and only to a lesser extent along the membrane [209]. These discrepancies may arise from 
differences in the age or maturity of the cultured cells. For example, while OL cultures 
express both ERα and ERβ in the cytosol and nucleus, nuclear compartmentalization of 
both ERs increases as cells mature [228]. Interestingly, the relative density of ERs in OLs 
also differs based on sex. Levels of ERα in mature OLs are eight-fold higher in females 
than males [228], indicating that estrogens may differentially affect males and females in 
part due to differences in ER expression. Regardless of localization or relative expression, 
activation of these receptors leads to changes in differentiation, proliferation, and 
maturation across OL development. 

Effects on Oligodendrogenesis 
Broadly, estrogens, and in particular, estradiol, regulate proliferation and 

differentiation across the OL lineage, beginning with NSCs. Specifically, E2 promotes 
embryonic rat NSC proliferation and differentiation in vitro. Notably, E2-induced 
proliferation is dependent on the activation of nuclear ERs, while E2-induced 
differentiation is dependent on membrane-associated ERs [232]. Estradiol’s effects on 
NSCs may also depend on cell culture conditions and interactions with other factors. For 
example, E2 prompts stem cells to differentiate into OL progenitors only when there are 
low levels of mitogens or other differentiation factors [230]. Under conditions where 
mitogens are present, and when there is physiologically appropriate dosing of E2, NSC 
differentiation is instead biased towards neuronal, rather than glial, cell fates [227]. Age is 
also a factor, as E2 only increases the ratio of neurons to glia in embryonic NSCs, not in 
adult NSCs [231].  

While the above studies did not explicitly test the relative contributions of ERα and 
ERβ in E2-mediated effects, others have focused on the specific roles of particular ER 
receptors. ERβ ligands inhibit proliferation of mouse embryonic stem cells, and ERβ 
knock-out mice display enhanced oligodendrogenesis [233], suggesting that activation of 
ERβ in particular may promote stem cell differentiation into neurons and prevent 
precocious oligodendrogenesis. Little is known about the specific effects of ERα binding 
on NSC development. Indeed, activation of these different receptors may lead to 
diverging effects on oligodendrogenesis and requires future investigation.  

Like their neural stem cell counterparts, OPCs are also affected by estradiol. In vitro, 
E2 delays the exit of OPCs from the cell cycle in a dose-dependent manner in response to 
mitogen withdrawal [229]. This allows OPCs to undergo additional rounds of cell 
division, and ultimately, can be interpreted as an estradiol-induced increase in OPC 
proliferation. In the presence of mitogens, however, E2 does not affect OPC proliferation 
[228]. In addition to effects on proliferation, E2 can also enhance rodent OPC 
differentiation and maturation, leading to thicker branching in the subsequent OLs [229]. 
In one study, tamoxifen, an ERα selective agonist, mimicked the E2 effect on proliferation, 
but not its effect on branching [229]. This indicates that estradiol-induced changes in OPC 
proliferation might be mediated by Erα, while changes in cell morphology and maturation 
are instead mediated by ERβ. Interestingly, though, in a separate study, tamoxifen 
promoted OPC differentiation into OLs, stimulating progenitors to become mature OLs, 
suggesting that ERα may indeed play a role in OPC differentiation. This effect was 
abolished in the presence of a pan-ER antagonist [234]. Similarly, diosgenin, a steroid 
precursor, promoted OPC differentiation into mature OLs through an ER-dependent 
mechanism; differentiation was blocked by a pan-ER antagonist, but not by either GC or 
progesterone receptor antagonists [235]. Estradiol-induced increases in OPC 
differentiation may also occur through more rapid activation of a PI3K/AKT/mammalian 
target of rapamycin signaling pathway [236]. This pathway has been shown to be required 
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for OPC differentiation into immature OLs [237,238]. Overall, through both genomic and 
nongenomic mechanisms, estrogens appear to stimulate OPC differentiation. 

Similar to findings in OPCs, estrogens can also stimulate differentiation and 
maturation of immature and mature OLs, respectively [211,239,240]. In vitro, incubation 
of OLs with E2 increases cell branching and increases the number of cells with a snowflake 
shape, a stage in OL development that typically precedes formation of myelin sheaths 
[211]. In mature and myelinating OLs, estradiol also mediates remodeling of the 
cytoskeleton, acting via membrane-bound ERs. Notably, E2 and 17-α estradiol have 
opposing effects; while E2 induces a loss in microtubules and inactivates actin filaments, 
17-α estradiol increases the percentage of cells with actin filaments, indicating 
stabilization of the cytoskeleton [240]. This remodeling in mature OLs is important for 
functions such as OL extension and axon wrapping, which is relevant not only in a 
developmental context, but also across the lifespan. Future work should aim to explore 
these different pathways and how activation of different membrane ERs and nuclear ERs 
lead to changes in OL maturation. 

3.2.2. Progestogens 
The steroid hormone progesterone is part of a larger family of progestogens and is 

an important intermediate for other neurosteroids, including androgens and 
corticosteroids [241–243]. Although progesterone is commonly known for its role in the 
maintenance of pregnancy, it also has a wide range of functions in the body and 
throughout the CNS, including effects on sleep regulation and immune function [243]. For 
females, the corpus luteum in the ovaries is the major site of progesterone production. 
However, progesterone is also produced in the adrenal glands, in the placenta during 
pregnancy, and importantly, in the CNS of both females and males after birth and into 
adulthood [244]. Like all steroid hormones, progesterone is synthesized from cholesterol, 
which is then converted to the progesterone precursor, pregnenolone. The enzyme 3-β 
hydroxysteroid dehydrogenase (HSD) converts pregnenolone into its primary form, 
progesterone. Progesterone can also be metabolized by 5-α reductase to 
dihydroprogesterone, which is then metabolized further by 3-α HSD to allopregnanolone 
[245]. These metabolites have additional functions throughout the CNS, as will be 
described below.  

As with other steroid hormones, progesterone acts on two primary receptor classes: 
classical nuclear receptors and membrane-associated receptors. There are two forms of 
nuclear progesterone receptors (PRs): PRα and PRβ. Anatomically, these receptors are 
localized throughout the brain and spinal cord [246]. Functionally, PRβ is a more potent 
transcriptional activator, while PRα is primarily a transcriptional repressor [247,248]. 
Progesterone can also act on two forms of membrane-associated receptors to drive rapid, 
non-genomic effects: a seven transmembrane domain membrane progesterone receptor 
(mPR) and membrane-associated progesterone receptor membrane component 1 
(PGRMC1), which was previously referred to as 25-Dx [246]. Together, progesterone acts 
at these receptors to produce downstream actions in both the periphery and in the CNS. 

Nuclear PRs have been identified in glial cells, and in particular, in OLs in both the 
brain and spinal cord [239,249,250]. Interestingly, PR expression increases with the 
addition of estradiol to primary glial cell cultures, suggesting that PR expression can be 
regulated by other sex hormones [239,249]. Membrane-bound PRs have also been 
identified in the spinal cord [251]. In the brain, however, mPRs are typically only found 
in neurons and are only expressed in OLs following injury, suggesting a selective role for 
mPRs in injury recovery [252]. Few have described how PR expression changes across the 
OL lineage. This will be an interesting area for further research and will provide insight 
into the mechanisms involved in progesterone’s effects on OLs.  

Interestingly, OLs not only express PRs, but they also directly synthesize 
progesterone and its precursor, pregnenolone. Synthesis of pregnenolone was first 
observed in glial cultures containing 60% OLs and occurred at the same time as OL 
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differentiation [253]. Enzymes for progesterone synthesis have since been detected in OL 
cultures, and changes in expression of these enzymes coincide with the differentiation of 
bipotential O-2A cells [254]. Later work confirmed that OPCs, and to a lesser extent 
mature OLs, express mRNA of 3-β HSD, the key steroidogenic enzyme that converts 
pregnenolone to progesterone [255,256]. OLs and their precursors also contain enzymes 
for progesterone metabolism [256–258]. In contrast to 3-β HSD, the metabolic enzyme 5-α 
reductase is expressed five-fold higher in mature OLs relative to progenitors [256]. The 
enzyme 3-α HSD, which converts 5-α dihydroprogesterone to allopregnanolone, has also 
been observed in early progenitor cells, indicating a dissociation in the timing and 
pathways of progesterone metabolism in the OL lineage. The expression of PRs and the 
synthesis of progesterone and its metabolites across the OL lineage suggest that OLs may 
respond to progestogens in both an endocrine and autocrine fashion to regulate 
oligodendrogenesis.   

Effects on Oligodendrogenesis 
In general, progesterone and its metabolites stimulate OL proliferation, 

differentiation, and maturation across all stages of development [259]. At the NSC and 
OPP stage (PSA-NCAM+), progesterone stimulates cell proliferation. This effect is 
primarily mediated by conversion of progesterone to its metabolite, allopregnanolone, as 
blocking this enzymatic conversion inhibits progesterone’s effects [257]. 
Allopregnanolone has also been shown to directly induce proliferation in both human and 
rat NSC cultures isolated from early in development [257,260,261]. These mitogenic effects 
are mediated by allopregnanolone acting as a positive allosteric modulator of GABA-A 
receptors; this in turn activates voltage-gated L-type calcium channels and drives cAMP 
response element-binding protein signaling [257,260,261]. While allopregnanolone largely 
stimulates progenitor proliferation, its effects follow a bell-shaped curve, with high levels 
inhibiting proliferation [257,261]. Thus, use of progesterone and its metabolites as a 
neurogenic agent should take into account hormone concentrations. 

In OPCs derived from rodents, progesterone enhances proliferation and 
differentiation in vitro, increasing their overall number and prompting OPCs to branch 
and mature into OLs [229,256,257,259,262–264]. Unlike findings in OPPs, progesterone’s 
effects on OPC proliferation were not mimicked by the metabolite allopregnanolone, even 
at high concentrations [264]. Mechanistically, progesterone’s effects on OPC proliferation 
and differentiation are mediated through PR signaling, as PR antagonists block these 
effects [264,265]. One study took these findings further and identified that, while mouse 
embryonic OPCs express both PRα and PRβ, signaling through the PRβ receptor mediates 
progesterone’s stimulatory effects on OPC proliferation and differentiation [265]. 
Activation of PRβ leads to the upregulation of oligodendroglial genes ranging across the 
OL lineage, such as NG2, MBP, and CNPase. Indeed, an mPR-specific agonist did not alter 
OPC proliferation or differentiation, confirming that progesterone’s effects on 
oligodendrogenesis during development occur via a genomic mechanism [265].  

Progesterone stimulates the differentiation of OPCs; therefore, it is no surprise that 
adding progesterone to cultures derived from rodents increases the number of immature 
and mature OLs [236,249,253]. At the immature OL stage, progesterone promotes MBP 
expression, presumably indicating increased differentiation into mature, myelinating OLs 
[265], but does not increase pre-OL proliferation, as progesterone does not alter the 
incorporation of BrdU into A007 or O4+ OLs [229,236]. Interestingly, the same dose of 
progesterone increases immature OL numbers to a greater extent in OLs cultured from 2–
3-day-old female mice compared to males, suggesting the magnitude of progesterone’s 
effects depends on sex [236]. In addition to increasing numbers of immature OLs, 
progesterone also increases the number of mature, myelinating OLs (MBP+/CNPase+ 
immunoreactive cells), MBP and CNPase mRNA, and myelin protein expression 
[67,190,239,254,266–268]. Increases in MBP protein may be due to increased numbers of 
mature OLs, although there is some evidence to suggest that progesterone not only 
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increases MBP+ cell numbers, but also MBP fluorescence intensity within a single mature 
OL in vitro [267]. The PR again is implicated mechanistically, especially for progesterone-
induced increases in MBP [263,267]. In one study using cell cultures derived from 
newborn rats, selective antagonism of the PR did not alter progesterone-induced increases 
in the number of MBP+ cells; however, it did reduce overall MBP fluorescence intensity 
[267]. Furthermore, while progesterone agonists increased MBP expression, cell cultures 
from PR knock-out mice treated with progesterone no longer showed increases in MBP 
levels [263]. Future studies could aim to untangle whether progesterone-induced 
increases in MBP and CNPase represent higher numbers of myelinating OLs or greater 
myelination by existing OLs. 

3.2.3. Androgens 
Androgens are a class of steroid hormones derived from cholesterol by way of the 

progestogens. The androgen dehydroepiandrosterone (DHEA) is the primary 
androgen/estrogen precursor and is the least potent androgen [269]. DHEA can be 
converted to androstenedione (A4) or androstenediol (A5), both of which have weak to 
moderate androgen activity. Both A4 and A5 can be converted to testosterone, the primary 
circulating androgen in males [269]. Testosterone can be further metabolized by 5-α-
reductase to the most potent androgen, dihydrotestosterone (DHT), locally in tissues such 
as the genitalia, skin, prostate gland, liver, and brain [269]. Interestingly, isolated myelin 
sheaths also display robust 5-α-reductase activity [270,271]. Notably, androgens are the 
precursors to estrogens. Via the enzyme aromatase, A4 is converted to estrone, while 
testosterone is converted to estradiol. An important consideration in the study of 
androgens, therefore, is whether observed effects of androgen administration are due to 
direct action of androgens or indirect action via conversion to estrogens. Many studies 
attempt to address this by administering DHT, which cannot be aromatized. Notably, 
however, DHT metabolites have been shown to bind ERβ, which is an important caveat 
for all experiments utilizing DHT [272,273]. 

Although circulating levels of androgens are higher in males, both males and females 
produce androgens [274]. The zona reticularis of the adrenal cortex primarily produces 
the weak androgens DHEA, A4, and A5, while the gonads are the primary source of 
testosterone. In males, androgen production begins early in development with a fetal 
surge of testosterone which (primarily via conversion to DHT or estradiol) masculinizes 
the genitalia, brain, and other organs of the developing male [275]. Androgen levels then 
remain relatively low until puberty [274]. In females, androgen levels remain low until 
puberty, and the absence of androgens is a primary factor determining feminization of the 
genitalia, brain, etc. [275,276].  

Androgens primarily act on the androgen receptor (AR), an intracellular receptor 
sequestered in the cytoplasm [277]. In addition, evidence suggests that androgens can act 
via membrane-bound receptors to activate rapid second-messenger systems, including 
the PI3K/AKT and MAPK/ERK pathways [278,279]. The AR is expressed throughout the 
brain; however, very few studies have addressed whether androgens act directly on OLs 
via the AR or indirectly via actions on surrounding cell types. In rodents, one study 
examined the brains of rats ranging from embryonic day 20 to p86 and found no AR 
immunoreactivity in mature galactosylceramidase (GalC+) OLs at any age [280]. In 
contrast, one study of the prefrontal cortex of adult male and female rhesus macaque 
brains revealed that, while the majority of AR-expressing cells were astrocytes, roughly 
5% of CNPase+ OLs colocalized with AR [281]. This species difference is reflected in 
transcriptomic analyses which suggest that AR expression is essentially undetectable in 
mouse OLs of any stage, while human OLs express AR to a low degree [142]. In addition, 
no studies have examined whether OLs express fast-acting, membrane-bound ARs. 
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Effects on Oligodendrogenesis 
Despite the low-to-absent expression of AR in OLs, several studies have indicated 

that the manipulation of androgens has profound effects on OLs and myelin. Broadly, 
male rodents have greater OL cell density in white matter regions such as the corpus 
callosum, fornix, and spinal cord [206,282], although females have greater overall glial 
proliferation and cell death [206]. These sex differences in rodents arise as early as p5 and 
continue into adulthood [282]. Specific manipulation of androgens reveals that these sex 
differences occur, at least in part, due to the AR and not simply via conversion to 
estrogens. For example, AR inhibition in male mice or DHT administration to female mice 
from p0 to p10 reverses the sex differences in corpus callosum OL density, and 
constitutive genetic deletion of AR in the CNS of males feminizes OL density and MBP 
expression throughout development and adulthood [282]. In humans, estimates of white 
matter volume correlate strongly with bioavailable testosterone in male adolescents [283]. 
Moreover, this relationship is stronger in males with a polymorphism in the AR gene 
which is associated with greater androgen-dependent gene expression. Together, these 
studies suggest a direct role for the AR in promoting OL and myelin density in white 
matter tracts of male rodents and humans. 

The mechanism by which androgens and ARs alter oligodendrogenesis to bring 
about these sex differences remains somewhat unclear. Rat and human NSCs express the 
AR, and human embryonic NSCs transcriptionally respond to DHT in vitro [284–286]. 
Although some conflicting evidence exists, androgens may increase the proliferation of 
cultured NSCs [284–286]. Early work also suggested that sex hormones alter glial 
proliferation and/or survival. Specifically, gonadectomy in adult male mice both 
decreases corpus callosum OL cell density and increases the number of BrdU+ cells, 
suggesting a role for sex hormones in glial proliferation and/or cell death [206]. However, 
the application of testosterone to neonatal rat-derived OPCs in culture does not alter BrdU 
incorporation, arguing against a direct role for androgens in OL proliferation [229]. 

Interestingly, androgens may promote OL cell death. Treating neonatal rat OLs in 
culture with testosterone induces a small amount of OL cell death and potentiates 
excitotoxicity induced by exposure to α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) and kainate [287]. This potentiation of excitotoxicity can be blocked by an 
AR antagonist, but not by aromatase inhibitors, suggesting that this effect is dependent 
on androgens and AR. The exact mechanism is unclear; while testosterone potentiates 
AMPA and kainate receptor-induced calcium influx, testosterone does not appear to alter 
the expression of glutamate receptor subunits in cultured OLs [287]. In line with this, 
exposure of cultured neonatal mouse OLs to DHT decreases phosphorylated AKT 
expression and increases the number of OLs expressing caspase-3, suggesting that 
androgens can induce OL cell death [236]. 

In summary, there are many questions remaining in regard to androgens’ role in 
oligodendrogenesis. For example, it remains unclear whether OPCs or OLs express 
cytoplasmic and/or membrane-bound ARs. Furthermore, multiple lines of evidence 
suggest that there is an AR-dependent sex difference in OL density in vivo; however, the 
underlying mechanism of this sex difference remains unresolved, as in vitro work 
suggests that OPC proliferation is not altered by androgens. Such questions can be 
definitively addressed with future well-controlled in vitro studies and transgenic models 
with AR manipulations targeted to the OL lineage. 

4. Non-Classical Hormones: Neurohormones, Neuromodulators, and 
Neurotransmitters 

This review has focused on “classic” endocrine hormones; however, many hormones 
(including some discussed here) are produced in the CNS and can act in a paracrine 
fashion in the brain via synaptic or extrasynaptic transmission. Future research could 
investigate how neuropeptides that are not deemed to be classic hormones, such as 
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corticotropin releasing hormone (CRH), the neurotransmitter norepinephrine (NE), and 
secretin hormones such as vasoactive intestinal peptide (VIP) and pituitary adenylate 
cyclase activating peptide (PACAP), affect oligodendrogenesis.  

Existing literature on CRH is limited and only indirectly applies to 
oligodendrogenesis [288,289], although CRH elevates cAMP levels in OPCs [290]. Existing 
research regarding NE is more abundant, and adrenoreceptors are found across the OL 
lineage. Specifically, the α1-adrenergic receptor is prevalent in both OPCs and 
differentiated OLs [142,291,292], and β1-adrenergic receptor expression has been detected 
in mouse OPCs and rat GalC+ OLs [142,293]. NE induces α1-adrenergic receptor-
dependent second messenger signaling in neonatal rat OL cultures [291]. However, in rat 
embryonic day 20 OPC cultures, signaling through α1 receptors does not affect OPC 
proliferation [294], and the effects of these receptors on oligodendrogenesis remain 
unresolved. In contrast, activation of β-adrenergic receptors inhibits proliferation and 
induces the differentiation of cultured OPCs [294]. Future research should continue to 
investigate how catecholamines, CRH, and other neuromodulators affect 
oligodendrogenesis throughout the postnatal and adult period and if effects are observed 
following injury.  

Interestingly, there is a growing body of literature suggesting that peptides VIP and 
PACAP may also influence oligodendrogenesis. These homologous proteins are members 
of the secretin superfamily and have been increasingly implicated in a diverse set of 
functions in the body, such as regulation of circadian rhythms, smooth muscle tone, 
immune function, and cell proliferation [295,296]. Both VIP and PACAP are expressed in 
many regions of the brain [297]. VIP and PACAP bind to the VIP/PACAP receptors, 
VPAC1 and VPAC2; in addition, PACAP binds an additional receptor, PAC1, with high 
affinity [296]. While no studies have demonstrated protein-level expression of VPAC1 or 
VPAC2 in OPCs or OLs, RNA transcriptomic analyses suggest that VPAC2 is enriched in 
mouse OPCs, but not mature OLs [142].  In addition, PAC1 mRNA and PAC1 protein 
expression have been detected in immature to mature rat OLs in vitro and in vivo 
[298,299]. Thus, VIP and/or PACAP may influence the OL lineage. Consistent with this, 
early and intermediate neonatal rat OPCs respond to VIP and to PACAP by elevating 
cAMP levels in vitro [290]. While the specific actions of these peptides on 
oligodendrogenesis are largely unknown, evidence suggests that PACAP increases 
neonatal rat OPC proliferation in vitro [299]. PACAP may also delay myelination both in 
vitro and in vivo [299,300]. Given that the expression of receptors for VIP and PACAP 
change over the course of the OL lineage, additional research with selective agonists and 
antagonists for each receptor would greatly aid in our understanding of the role of these 
peptides in the various stages of oligodendrogenesis. 

5. Future Directions 
In this review, we have discussed the roles of numerous hormones in the regulation 

of oligodendrogenesis; however, there are many avenues for future work in this field. For 
example, much of the work we have described has built upon investigations in vitro that 
utilize classic, but limited, pharmacological approaches and raw counts of cells from 
discrete, but somewhat arbitrary, time points. In addition, many of the studies we 
described focused on only a particular timepoint in the OL lineage, often through the use 
of just one cellular marker. Future studies will require careful examination across the OL 
lineage, utilizing multiple markers of OL staging and ideally looking at markers for 
proliferation (such as BrdU) and survival (such as caspase-3) all within the same study. 
This will enable optimal interpretation of a hormone’s effects on OLs, and will allow us to 
determine whether changes in numbers of OPCs or mature OLs are due to proliferation, 
differentiation, or survival.  

Furthermore, for most of the hormones discussed, there remain substantial gaps in 
our understanding of the fundamental mechanisms governing the intracellular response 
to the hormone and the subsequent fate of the OL lineage cell. These gaps could be 
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addressed with carefully controlled in vitro experiments. In particular, the field is ripe for 
studies that utilize modern techniques for targeted manipulation of hormones and their 
receptors and precise measurement of proliferation, differentiation, and myelinogenesis 
to dissect the role of these hormones on OPCs, OLs, or surrounding neurons, astrocytes, 
and microglia. 

In addition to direct effects on the OL lineage, hormones may indirectly affect 
oligodendrogenesis through their interactions with other hormones. For example, high 
levels of GCs reduce thyroid functioning, leading to less conversion of T4 into the active 
T3; additionally, thyroid hormones, as previously described, also tend to have pro-
oligodendrogenesis effects [301,302]. Thus, high levels of GCs could in fact inhibit 
oligodendrogenesis through indirect interactions with the thyroid system. T3-induced 
OPC differentiation could also be enhanced through interactions with other OL 
differentiation factors such as IGF-1, among others [44,303,304]. TH levels are positively 
associated with IGF-1 levels [303,305], and IGF-1 is upregulated following TH exposure 
in adult rat brains. Progesterone also interacts with the IGF-1 system. Specifically, 
progesterone upregulates IGF-1 and the IGF binding protein 6 (IGFBP-6) in OPCs [190]. 
IGF-1, as previously noted, broadly increases oligodendrogenesis; therefore, this 
upregulation of IGF-1 may contribute towards progesterone-induced promotion of OL 
proliferation and differentiation. Furthermore, DHT increases IGFBP-5 expression in 
human embryonic-derived NSCs [285], and both estradiol and DHT increase IGFBP-5 
expression in the spinal cord of male mice [306]. Altogether, further work testing 
combinations of hormones is needed to better explore and define the complex 
relationships between hormonal systems and their effects on oligodendrogenesis. 

Furthermore, in vivo work is limited, especially outside of disease contexts, and we 
have little understanding of whether and how hormones affect OPCs and OLs differently 
based on brain region, cellular age, or organismal age. In many cases, the in vivo 
experimental designs we describe utilized constitutive overexpression/deletion of 
hormones or receptors, which offer little temporal resolution and may be complicated by 
widespread alterations to the developmental trajectory of the organism. In addition, most 
of these manipulations were not restricted to OL lineage cells. Generating model 
organisms with genetic manipulations specifically within the various stages of the OL 
lineage would offer greater insight into direct hormonal modulation of 
oligodendrogenesis. Designing these manipulations to be temporally controlled would 
present the opportunity to test hormonal effects on oligodendrogenesis across the full 
extent of the lifespan, from early life to transitional periods such as puberty, and 
throughout adulthood and aging. Ultimately, understanding the direct vs. indirect effects 
of hormones on oligodendrogenesis in vivo will provide greater understanding not only 
of the mechanisms of hormonal action, but also of the suitability of hormonal 
interventions in providing direct, as opposed to off-target, effects in the CNS.  

Lastly, while we have detailed the effects of many different hormones on 
oligodendrogenesis, this is only a small fraction of the hormones that regulate 
development and adult plasticity. In the previous section, we discussed studies that focus 
on hormones that act in a paracrine fashion in the brain. However, many hormones 
remain to be explored. Our review has focused on the existing literature, but the absence 
of evidence does not imply that such hormones have no role in regulating 
oligodendrogenesis. 

6. Conclusions 
Hormones regulate nearly every stage of human development, and in adulthood, 

their levels can be modulated by a host of conditions, including stress, pregnancy, 
menopause, and aging. These hormonal fluctuations influence the brain and behavior, in 
part by altering the birth and development of new cells. As we have described in this 
review, hormonal modulation of plasticity extends beyond neurogenesis and into the 
realm of glia. Overall, it is clear that hormones across many classes exert robust effects on 
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oligodendrogenesis, not only during development, but also in adulthood. Many of these 
hormones, including IGF-1, thyroid hormones, and the sex hormones, act to increase OPC 
differentiation and enhance the maturation of mature, myelinating OLs through both 
direct and indirect mechanisms (Figure 2). Clearer insight into the mechanisms governing 
hormonal regulation of oligodendrogenesis will enable better understanding of 
experience-dependent myelination in the human brain, and has important implications 
for myelin repair in a range of disorders, which we describe in our companion review in 
this issue [25].  

 
Figure 2. Oligodendrogenesis is differentially affected by various classes of hormones. Hormones 
can affect proliferation, differentiation, maturation, and survival across the OL lineage. Green 
arrow, promote; Red arrow, downregulate. Grey shaded sections indicate a process that is not 
applicable (N/A) at that cellular stage. Proliferation and differentiation only occur in the first three 
cellular stages, while maturation only occurs in the final stages. GC, glucocorticoids; E, estrogens; 
P, progestogens; A, androgens; IGF-1, insulin-like growth factor-1; INS, insulin; PRL, prolactin; 
MEL, melatonin; TH, thyroid hormones. 
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A4 androstenedione 
A5 androstenediol 

AKT protein kinase B 

AMPA 
α-amino-3-hydroxy-5-methyl-4- 

isoxazolepropionic acid 



Biomolecules 2021, 11, 283 23 of 36 
 

APC adenomatous polyposis coli 
AR androgen receptor 
BBB blood–brain barrier 

BrdU bromodeoxyuridine 
CNPase 2',3'-cyclic-nucleotide 3'-phosphodiesterase 

CNS central nervous system 
Cort corticosterone 

CreER Cre recombinase/estrogen receptor fusion protein 
CRH corticotropin releasing hormone 
Dex dexamethasone 

DHEA dehydroepiandrosterone 
DHT dihydrotestosterone 
Dio2 type 2 deiodinase 
E2 17-β estradiol 
ER estrogen receptor 

ERK extracellular signal-regulated kinase 
FGF2 fibroblast growth factor 2 
GalC galactosylceramidase 
GC glucocorticoid 
GH growth hormone 
GPR G-protein coupled receptor 

GPDH glycerol phosphate dehydrogenase 
GST-pi glutathione-S-transferase-pi 

GR glucocorticoid receptor 
HSD hydroxysteroid dehydrogenase 
IGF-1 insulin-like growth factor-1 
IGF1R insulin-like growth factor-1 receptor 
IGFBP insulin-like growth factor binding protein 

IR insulin receptor 
MAPK mitogen-activated protein kinase 
MBP myelin basic protein 
MEK mitogen-activated protein kinase kinase 
mPR membrane-bound progesterone receptor 
MT1 melatonin receptor 1 
MT2 melatonin receptor 2 

NDRG1 N-myc downstream-regulated gene 1 
NE norepinephrine 

NG2 neural/glial antigen 2 
NSC neural stem cell 
O-2A bipotential oligodendrocyte-type 2 astrocyte progenitor cells 
OL oligodendrocyte 

Olig1 oligodendrocyte transcription factor 1 
Olig2 oligodendrocyte transcription factor 2 
OPC oligodendrocyte precursor cell 
OPP oligodendrocyte pre-progenitor 

PACAP pituitary adenylate cyclase activating peptide 
PDGF platelet-derived growth factor 

PDGFRα platelet-derived growth factor receptor alpha 
PGRMC1 membrane-associated progesterone receptor membrane component 1 

PI3K phosphatidylinositol 3-kinase 
PKA protein kinase A 
PLC phospholipase C 
PLP proteolipid protein 1 
PR progesterone receptor 
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PRLR prolactin receptor 
PSA-NCAM polysialylated-neural cell adhesion molecule 

RXR retinoid-X receptor 
SGK1 serum glucocorticoid regulated kinase 1 

T3 triiodothyronine 
T4 thyroxine 
TH thyroid hormone 
TR thyroid hormone receptor 

TRE thyroid response element 
VIP vasoactive intestinal peptide 

VPAC1 vasoactive intestinal peptide receptor 1 
VPAC2 vasoactive intestinal peptide receptor 2 

YFP yellow fluorescent protein 

References 
1.  Lledo, P.-M.; Alonso, M.; Grubb, M.S. Adult Neurogenesis and Functional Plasticity in Neuronal Circuits. Nat. Rev. Neurosci. 

2006, 7, 179–193, doi:10.1038/nrn1867. 
2.  Monje, M. Myelin Plasticity and Nervous System Function. Annu. Rev. Neurosci. 2018, 41, 61–76, doi:10.1146/annurev-neuro-

080317-061853. 
3.  Hughes, E.G.; Orthmann-Murphy, J.L.; Langseth, A.J.; Bergles, D.E. Myelin Remodeling through Experience-Dependent 

oligodendrogenesis in the Adult Somatosensory Cortex. Nat. Neurosci. 2018, 21, 696–706, doi:10.1038/s41593-018-0121-5. 
4.  Waxman, S.G. Determinants of Conduction Velocity in Myelinated Nerve Fibers. Muscle Nerve 1980, 3, 141–150, 

doi:10.1002/mus.880030207. 
5.  McGee, A.W.; Yang, Y.; Fischer, Q.; Daw, N.W.; Strittmatter, S.M. Experience-Driven Plasticity of Visual Cortex Limited by 

Myelin and Nogo Receptor. Science 2005, 309, 2222–2226, doi:10.1126/science.1114362.Experience-Driven. 
6.  Fields, R.D. Myelination: An Overlooked Mechanism of Synaptic Plasticity? The Neuroscientist 2005, 11, 528–531, 

doi:10.1177/1073858405282304. 
7.  Gibson, E.M.; Purger, D.; Mount, C.W.; Goldstein, A.K.; Lin, G.L.; Wood, L.S.; Inema, I.; Miller, S.E.; Bieri, G.; Zuchero, J.B.; et 

al. Neuronal Activity Promotes oligodendrogenesis and Adaptive Myelination in the Mammalian Brain. Science 2014, 344, 
doi:10.1126/science.1252304. 

8.  Birey, F.; Kloc, M.; Chavali, M.; Hussein, I.; Wilson, M.; Christoffel, D.J.; Chen, T.; Frohman, M.A.; Robinson, J.K.; Russo, S.J.; et 
al. Genetic and Stress-Induced Loss of NG2 Glia Triggers Emergence of Depressive-like Behaviors through Reduced Secretion 
of FGF2. Neuron 2015, 88, 941–956, doi:10.1016/j.neuron.2015.10.046. 

9.  Pan, S.; Mayoral, S.R.; Choi, H.S.; Chan, J.R.; Kheirbek, M.A. Preservation of a Remote Fear Memory Requires New Myelin 
Formation. Nat. Neurosci. 2020, 23, 487–499, doi:10.1038/s41593-019-0582-1. 

10.  Liu, J.; Dupree, J.L.; Gacias, M.; Frawley, R.; Sikder, T.; Naik, P.; Casaccia, P. Clemastine Enhances Myelination in the Prefrontal 
Cortex and Rescues Behavioral Changes in Socially Isolated Mice. J. Neurosci. 2016, 36, 957–962, doi:10.1523/JNEUROSCI.3608-
15.2016. 

11.  Makinodan, M.; Rosen, K.M.; Ito, S.; Corfas, G. A Critical Period for Social Experience-Dependent Oligodendrocyte Maturation 
and Myelination. Science 2012, 337, 1357–1360, doi:10.1126/science.1220845. 

12.  Dawson, M.R.L.; Polito, A.; Levine, J.M.; Reynolds, R. NG2-Expressing Glial Progenitor Cells: An Abundant and Widespread 
Population of Cycling Cells in the Adult Rat CNS. Mol. Cell. Neurosci. 2003, 24, 476–488, doi:10.1016/S1044-7431(03)00210-0. 

13.  Goldman, S.A.; Kuypers, N.J. How to Make an Oligodendrocyte. Development 2015, 142, 3983–3995, doi:10.1242/dev.126409. 
14.  Stallcup, W.B. The NG2 Proteoglycan in Pericyte Biology. In Pericyte Biology—Novel Concepts; Advances in Experimental 

Medicine and Biology; Birbrair, A., Ed.; Springer International Publishing: Cham, Switzerland, 2018; pp. 5–19, ISBN 978-3-030-
02601-1. 

15.  Varea, E.; Castillo-Gómez, E.; Gómez-Climent, M.Á.; Blasco-Ibáñez, J.M.; Crespo, C.; Martínez-Guijarro, F.J.; Nàcher, J. PSA-
NCAM Expression in the Human Prefrontal Cortex. J. Chem. Neuroanat. 2007, 33, 202–209, doi:10.1016/j.jchemneu.2007.03.006. 

16.  Bergles, D.E.; Richardson, W.D. Oligodendrocyte Development and Plasticity. Cold Spring Harb. Perspect. Biol. 2016, 8, 1–28, 
doi:10.1101/cshperspect.a020453. 

17.  Barres, B.A.; Hart, I.K.; Coles, H.S.R.; Burne, J.F.; Voyvodic, J.T.; Richardson, W.D.; Raff, M.C. Cell Death and Control of Cell 
Survival in the Oligodendrocyte Lineage. Cell 1992, 70, 31–46, doi:10.1016/0092-8674(92)90531-G. 

18.  McTigue, D.M.; Tripathi, R.B. The Life, Death, and Replacement of Oligodendrocytes in the Adult CNS. J. Neurochem. 2008, 107, 
1–19, doi:10.1111/j.1471-4159.2008.05570.x. 

19.  Miller, D.J.; Duka, T.; Stimpson, C.D.; Schapiro, S.J.; Baze, W.B.; McArthur, M.J.; Fobbs, A.J.; Sousa, A.M.M.; Sestan, N.; 
Wildman, D.E.; et al. Prolonged Myelination in Human Neocortical Evolution. Proc. Natl. Acad. Sci. USA 2012, 109, 16480–16485, 
doi:10.1073/pnas.1117943109. 



Biomolecules 2021, 11, 283 25 of 36 
 

20.  Rivers, L.E.; Young, K.M.; Rizzi, M.; Jamen, F.; Psachoulia, K.; Wade, A.; Kessaris, N.; Richardson, W.D. PDGFRA/NG2 Glia 
Generate Myelinating Oligodendrocytes and Piriform Projection Neurons in Adult Mice. Nat. Neurosci. 2008, 11, 1392–1401, 
doi:10.1038/nn.2220. 

21.  Chetty, S.; Friedman, A.R.; Taravosh-Lahn, K.; Kirby, E.D.; Mirescu, C.; Guo, F.; Krupik, D.; Nicholas, A.; Geraghty, A.C.; 
Krishnamurthy, A.; et al. Stress and Glucocorticoids Promote oligodendrogenesis in the Adult Hippocampus. Mol. Psychiatry 
2014, 19, 1275–1283, doi:10.1038/mp.2013.190. 

22.  Maki, T.; Liang, A.C.; Miyamoto, N.; Lo, E.H.; Arai, K. Mechanisms of Oligodendrocyte Regeneration from Ventricular-
Subventricular Zone-Derived Progenitor Cells in White Matter Diseases. Front. Cell. Neurosci. 2013, 7, 
doi:10.3389/fncel.2013.00275. 

23.  Menn, B.; Garcia-Verdugo, J.M.; Yaschine, C.; Gonzalez-Perez, O.; Rowitch, D.; Alvarez-Buylla, A. Origin of Oligodendrocytes 
in the Subventricular Zone of the Adult Brain. J. Neurosci. Off. J. Soc. Neurosci. 2006, 26, 7907–7918, doi:10.1523/JNEUROSCI.1299-
06.2006. 

24.  McKenzie, I.A.; Ohayon, D.; Li, H.; Paes de Faria, J.; Emery, B.; Tohyama, K.; Richardson, W.D. Motor Skill Learning Requires 
Active Central Myelination. Science 2014, 346, 318–322, doi:10.1126/science.1254960. 

25.  Breton, J.M.; Long, K.L.P.; Barraza, M.; Litvin, O.; Kaufer, D. Hormonal Regulation of oligodendrogenesis II: Implications for 
Myelin Repair. Biomolecules 2021, in peer review. 

26.  Levine, J.M.; Reynolds, R. Activation and Proliferation of Endogenous Oligodendrocyte Precursor Cells during Ethidium 
Bromide-Induced Demyelination. Exp. Neurol. 1999, 160, 333–347, doi:10.1006/exnr.1999.7224. 

27.  Hughes, E.G.; Kang, S.H.; Fukaya, M.; Bergles, D.E. Oligodendrocyte Progenitors Balance Growth with Self-Repulsion to 
Achieve Homeostasis in the Adult Brain. Nat. Neurosci. 2013, 16, 668–676, doi:10.1038/nn.3390. 

28.  Dubois-Dalcq, M.; Murray, K. Why Are Growth Factors Important in Oligodendrocyte Physiology? Pathol. Biol. (Paris) 2000, 48, 
80–86. 

29.  Raff, M.C.; Lillien, L.E.; Richardson, W.D.; Burne, J.F.; Noble, M.D. Platelet-Derived Growth Factor from Astrocytes Drives the 
Clock That Times Oligodendrocyte Development in Culture. Nature 1988, 333, 562–565, doi:10.1038/333562a0. 

30.  McKinnon, R.D.; Matsui, T.; Dubois-Dalcq, M.; Aaronsont, S.A. FGF Modulates the PDGF-Driven Pathway of Oligodendrocyte 
Development. Neuron 1990, 5, 603–614, doi:10.1016/0896-6273(90)90215-2. 

31.  Marinelli, C.; Bertalot, T.; Zusso, M.; Skaper, S.D.; Giusti, P. Systematic Review of Pharmacological Properties of the 
Oligodendrocyte Lineage. Front. Cell. Neurosci. 2016, 10, doi:10.3389/fncel.2016.00027. 

32.  Nussey, S.; Whitehead, S. Endocrinology: An Integrated Approach; Oxford: BIOS Scientific Publishers: 2001. Available from: 
https://www.ncbi.nlm.nih.gov/books/NBK22 (accessed on 7 February 2021). 

33.  Galea, L.A.; Wainwright, S.R.; Roes, M.M.; Duarte-Guterman, P.; Chow, C.; Hamson, D.K. Sex, Hormones and Neurogenesis in 
the Hippocampus: Hormonal Modulation of Neurogenesis and Potential Functional Implications. J. Neuroendocrinol. 2013, 25, 
1039–1061, doi:10.1111/jne.12070. 

34.  Kolb, B.; Gibb, R. Brain Plasticity and Behaviour in the Developing Brain. J. Can. Acad. Child Adolesc. Psychiatry 2011, 20, 265–
276. 

35.  Opendak, M.; Briones, B.A.; Gould, E. Social Behavior, Hormones and Adult Neurogenesis. Front. Neuroendocrinol. 2016, 41, 71–
86, doi:10.1016/j.yfrne.2016.02.002. 

36.  Principles of Endocrinology and Hormone Action; Belfiore, A., LeRoith, D., Eds.; Endocrinology; Springer International Publishing: 
Cham, Switzerland, 2018; ISBN 978-3-319-44674-5. 

37.  Zhang, J.; Lazar, M.A. The Mechanism of Action of Thyroid Hormones. Annu. Rev. Physiol. 2000, 62, 439–466, 
doi:10.1146/annurev.physiol.62.1.439. 

38.  Vanhaesebroeck, B.; Stephens, L.; Hawkins, P. PI3K Signalling: The Path to Discovery and Understanding. Nat. Rev. Mol. Cell 
Biol. 2012, 13, 195–203, doi:10.1038/nrm3290. 

39.  Zhang, W.; Liu, H.T. MAPK Signal Pathways in the Regulation of Cell Proliferation in Mammalian Cells. Cell Res. 2002, 12, 9–
18, doi:10.1038/sj.cr.7290105. 

40.  van der Spek, A.H.; Fliers, E.; Boelen, A. The Classic Pathways of Thyroid Hormone Metabolism. Mol. Cell. Endocrinol. 2017, 
doi:10.1016/j.mce.2017.01.025. 

41.  Braverman, L.E.; Cooper, D.S. Werner & Ingbar’s The Thyroid: A Fundamental and Clinical Text; Lippincott Williams & Wilkins: 
Philadelphia, PA, USA, 2012; ISBN 978-1-4511-2063-9. 

42.  Bernal, J.; Nunez, J. Thyroid Hormones and Brain Development. Eur. J. Endocrinol. 1995, 133, 390–398, doi:10.1530/eje.0.1330390. 
43.  Harvey, C.B.; Williams, G.R. Mechanism of Thyroid Hormone Action. Thyroid 2002, 12, 441–446, 

doi:10.1089/105072502760143791. 
44.  Barres, B.A.; Lazar, M.A.; Raff, M.C. A Novel Role for Thyroid Hormone, Glucocorticoids and Retinoic Acid in Timing 

Oligodendrocyte Development. Dev. Camb. Engl. 1994, 120, 1097–1108. 
45.  Kaplan, M.M.; McCann, U.D.; Yaskoski, K.; Reed Larsen, P.; Leonard, J.L. Anatomical Distribution of Phenolic and Tyrosyl Ring 

Iodothyronine Deiodinases in the Nervous System of Normal and Hypothyroid Rats*. Endocrinology 1981, 109, 397–402, 
doi:10.1210/endo-109-2-397. 

46.  Friesema, E.C.H.; Ganguly, S.; Abdalla, A.; Manning Fox, J.E.; Halestrap, A.P.; Visser, T.J. Identification of Monocarboxylate 
Transporter 8 as a Specific Thyroid Hormone Transporter. J. Biol. Chem. 2003, doi:10.1074/jbc.M300909200. 



Biomolecules 2021, 11, 283 26 of 36 
 

47.  Lazar, M.A.; Berrodin, T.J.; Harding, H.P. Differential DNA Binding by Monomeric, Homodimeric, and Potentially Heteromeric 
Forms of the Thyroid Hormone Receptor. Mol. Cell. Biol. 1991, 11, 5005–5015, doi:10.1128/MCB.11.10.5005. 

48.  Lazar, M.A. Thyroid Hormone Receptors: Multiple Forms, Multiple Possibilities. Endocr. Rev. 1993, doi:10.1210/edrv-14-2-184. 
49.  Hiroi, Y.; Kim, H.-H.; Ying, H.; Furuya, F.; Huang, Z.; Simoncini, T.; Noma, K.; Ueki, K.; Nguyen, N.-H.; Scanlan, T.S.; et al. 

Rapid Nongenomic Actions of Thyroid Hormone. Proc. Natl. Acad. Sci. USA 2006, 103, 14104–14109, 
doi:10.1073/pnas.0601600103. 

50.  Martin, N.P.; Fernandez de Velasco, E.M.; Mizuno, F.; Scappini, E.L.; Gloss, B.; Erxleben, C.; Williams, J.G.; Stapleton, H.M.; 
Gentile, S.; Armstrong, D.L. A Rapid Cytoplasmic Mechanism for PI3 Kinase Regulation by the Nuclear Thyroid Hormone 
Receptor, TRβ, and Genetic Evidence for Its Role in the Maturation of Mouse Hippocampal Synapses In Vivo. Endocrinology 
2014, 155, 3713–3724, doi:10.1210/en.2013-2058. 

51.  Davis, P.J.; Davis, F.B.; Mousa, S.A.; Luidens, M.K.; Lin, H.-Y. Membrane Receptor for Thyroid Hormone: Physiologic and 
Pharmacologic Implications. Annu. Rev. Pharmacol. Toxicol. 2011, 51, 99–115, doi:10.1146/annurev-pharmtox-010510-100512. 

52.  Baas, D.; Bourbeau, D.; Carre, J.L.; Sarlieve, L.L.; Dussault, J.H.; Puymirat, J. Expression of α and β Thyroid Receptors during 
Oligodendrocyte Differentiation. NeuroReport 1994, 5, 1805–1808. 

53.  Carlson, D.J.; Strait, K.A.; Schwartz, H.L.; Oppenheimer, J.H. Immunofluorescent Localization of Thyroid Hormone Receptor 
Isoforms in Glial Cells of Rat Brain. Endocrinology 1994, 135, 1831–1836, doi:10.1210/en.135.5.1831. 

54.  Fierro-Renoy, J.F.; Szuchet, S.; Falcone, M.; Macchia, E.; Degroot, L. Three Different Thyroid Hormone Receptor Isoforms Are 
Detected in a Pure Culture of Ovine Oligodendrocytes. Glia 1995, 14, 322–328, doi:10.1002/glia.440140408. 

55.  Yusta, B.; Besnard, F.; Ortiz-Caro, J.; Pascual, A.; Aranda, A.; Sarliève, L. Evidence for the Presence of Nuclear 3,5,3’-
Triiodothyronine Receptors in Secondary Cultures of Pure Rat Oligodendrocytes. Endocrinology 1988, 122, 2278–2284, 
doi:10.1210/endo-122-5-2278. 

56.  Sarliève, L.L.; Rodríguez-Peña, A.; Langley, K. Expression of Thyroid Hormone Receptor Isoforms in the Oligodendrocyte 
Lineage. Neurochem. Res. 2004, 29, 903–922, doi:10.1023/B:NERE.0000021235.83952.9a. 

57.  Baas, D.; Fressinaud, C.; Ittel, M.E.; Reeber, A.; Dalençon, D.; Puymirat, J.; Sarliève, L.L. Expression of Thyroid Hormone 
Receptor Isoforms in Rat Oligodendrocyte Cultures. Effect of 3,5,3′-Triiodo-l-Thyronine. Neurosci. Lett. 1994, 176, 47–51, 
doi:10.1016/0304-3940(94)90868-0. 

58.  Billon, N.; Tokumoto, Y.; Forrest, D.; Raff, M. Role of Thyroid Hormone Receptors in Timing Oligodendrocyte Differentiation. 
Dev. Biol. 2001, 235, 110–120, doi:10.1006/dbio.2001.0293. 

59.  Lee, S.; Privalsky, M.L. Heterodimers of Retinoic Acid Receptors and Thyroid Hormone Receptors Display Unique 
Combinatorial Regulatory Properties. Mol. Endocrinol. 2005, 19, 863–878, doi:10.1210/me.2004-0210. 

60.  Baas, D.; Prüfer, K.; Ittel, M.E.; Kuchler-Bopp, S.; Labourdette, G.; Sarliève, L.L.; Brachet, P. Rat Oligodendrocytes Express the 
Vitamin D3 Receptor and Respond to 1,25-Dihydroxyvitamin D3. Glia 2000, 31, 59–68, doi:10.1002/(SICI)1098-
1136(200007)31:1<59::AID-GLIA60>3.0.CO;2-Y. 

61.  Baldassarro, V.A.; Krężel, W.; Fernández, M.; Schuhbaur, B.; Giardino, L.; Calzà, L. The Role of Nuclear Receptors in the 
Differentiation of Oligodendrocyte Precursor Cells Derived from Fetal and Adult Neural Stem Cells. Stem Cell Res. 2019, 37, 
101443, doi:10.1016/j.scr.2019.101443. 

62.  Pombo, P.M.; Barettino, D.; Ibarrola, N.; Vega, S.; Rodríguez-Peña, A. Stimulation of the Myelin Basic Protein Gene Expression 
by 9-Cis-Retinoic Acid and Thyroid Hormone: Activation in the Context of Its Native Promoter. Brain Res. Mol. Brain Res. 1999, 
64, 92–100, doi:10.1016/s0169-328x(98)00311-8. 

63.  Milner, R.; Ffrench-Constant, C. A Developmental Analysis of Oligodendroglial Integrins in Primary Cells: Changes in Alpha 
v-Associated Beta Subunits during Differentiation. Development 1994, 120, 3497–3506. 

64.  Lee, J.Y.; Petratos, S. Thyroid Hormone Signaling in Oligodendrocytes: From Extracellular Transport to Intracellular Signal; 
2016;. 

65.  Rodríguez-Peña, A. Oligodendrocyte Development and Thyroid Hormone. J. Neurobiol. 1999, 40, 497–512, 
doi:10.1002/(sici)1097-4695(19990915)40:4<497::aid-neu7>3.0.co;2-%23. 

66.  Stenzel, D.; Wilsch-Bräuninger, M.; Wong, F.K.; Heuer, H.; Huttner, W.B. Integrin Αvβ3 and Thyroid Hormones Promote 
Expansion of Progenitors in Embryonic Neocortex. Development 2014, 141, 795–806, doi:10.1242/dev.101907. 

67.  Chen, C.; Zhou, Z.; Zhong, M.; Li, M.; Yang, X.; Zhang, Y.; Wang, Y.; Wei, A.; Qu, M.; Zhang, L.; et al. Excess Thyroid Hormone 
Inhibits Embryonic Neural Stem/Progenitor Cells Proliferation and Maintenance through STAT3 Signalling Pathway. Neurotox. 
Res. 2011, doi:10.1007/s12640-010-9214-y. 

68.  Ben-Hur, T.; Rogister, B.; Murray, K.; Rougon, G.; Dubois-Dalcq, M. Growth and Fate of PSA-NCAM+ Precursors of the 
Postnatal Brain. J. Neurosci. 1998, 18, 5777–5788, doi:10.1523/JNEUROSCI.18-15-05777.1998. 

69.  Johe, K.K.; Hazel, T.G.; Muller, T.; Dugich-Djordjevic, M.M.; McKay, R.D. Single Factors Direct the Differentiation of Stem Cells 
from the Fetal and Adult Central Nervous System. Genes Dev. 1996, 10, 3129–3140, doi:10.1101/gad.10.24.3129. 

70.  Marziali, L.N.; Correale, J.; Garcia, C.I.; Pasquini, J.M. Combined Effects of Transferrin and Thyroid Hormone during 
oligodendrogenesis In Vitro. Glia 2016, 64, 1879–1891, doi:10.1002/glia.23029. 

71.  Fernandez, M.; Pirondi, S.; Manservigi, M.; Giardino, L.; Calzà, L. Thyroid Hormone Participates in the Regulation of Neural 
Stem Cells and Oligodendrocyte Precursor Cells in the Central Nervous System of Adult Rat. Eur. J. Neurosci. 2004, 20, 2059–
2070, doi:10.1111/j.1460-9568.2004.03664.x. 



Biomolecules 2021, 11, 283 27 of 36 
 

72.  Fernández, M.; Paradisi, M.; Del Vecchio, G.; Giardino, L.; Calzà, L. Thyroid Hormone Induces Glial Lineage of Primary 
Neurospheres Derived from Non-Pathological and Pathological Rat Brain: Implications for Remyelination-Enhancing 
Therapies. Int. J. Dev. Neurosci. 2009, doi:10.1016/j.ijdevneu.2009.08.011. 

73.  Gao, F.-B.; Raff, M. Cell Size Control and a Cell-Intrinsic Maturation Program in Proliferating Oligodendrocyte Precursor Cells. 
J. Cell Biol. 1997, 138, 1367–1377, doi:10.1083/jcb.138.6.1367. 

74.  Durand, B.; Raff, M. A Cell-Intrinsic Timer That Operates during Oligodendrocyte Development. BioEssays 2000, 22, 64–71, 
doi:10.1002/(SICI)1521-1878(200001)22:1<64::AID-BIES11>3.0.CO;2-Q. 

75.  Baxi, E.G.; Schott, J.T.; Fairchild, A.N.; Kirby, L.A.; Karani, R.; Uapinyoying, P.; Pardo-Villamizar, C.; Rothstein, J.R.; Bergles, 
D.E.; Calabresi, P.A. A Selective Thyroid Hormone β Receptor Agonist Enhances Human and Rodent Oligodendrocyte 
Differentiation. Glia 2014, doi:10.1002/glia.22697. 

76.  Baas, D.; Legrand, C.; Samarut, J.; Flamant, F. Persistence of Oligodendrocyte Precursor Cells and Altered Myelination in Optic 
Nerve Associated to Retina Degeneration in Mice Devoid of All Thyroid Hormone Receptors. Proc. Natl. Acad. Sci. USA 2002, 
99, 2907–2911, doi:10.1073/pnas.052482299. 

77.  Billon, N.; Jolicoeur, C.; Tokumoto, Y.; Vennström, B.; Raff, M. Normal Timing of Oligodendrocyte Development Depends on 
Thyroid Hormone Receptor Alpha 1 (TRα1). EMBO J. 2002, 21, 6452–6460, doi:10.1093/emboj/cdf662. 

78.  Picou, F.; Fauquier, T.; Chatonnet, F.; Flamant, F. A Bimodal Influence of Thyroid Hormone on Cerebellum Oligodendrocyte 
Differentiation. Mol. Endocrinol. 2012, doi:10.1210/me.2011-1316. 

79.  Baas, D.; Bourbeau, D.; Sarliève, L.L.; Ittel, M.E.; Dussault, J.H.; Puymirat, J. Oligodendrocyte Maturation and Progenitor Cell 
Proliferation Are Independently Regulated by Thyroid Hormone. Glia 1997, 19, 324–332, doi:10.1002/(sici)1098-
1136(199704)19:4<324::aid-glia5>3.0.co;2-x. 

80.  Younes-Rapozo, V.; Berendonk, J.; Savignon, T.; Manhães, A.C.; Barradas, P.C. Thyroid Hormone Deficiency Changes the 
Distribution of Oligodendrocyte/Myelin Markers during Oligodendroglial Differentiation in Vitro. Int. J. Dev. Neurosci. 2006, 
doi:10.1016/j.ijdevneu.2006.08.004. 

81.  Barradas, P.C.; Vieira, R.S.; Freitas, M.S.D. Selective Effect of Hypothyroidism on Expression of Myelin Markers during 
Development. J. Neurosci. Res. 2001, 66, 254–261, doi:10.1002/jnr.1218. 

82.  Farsetti, A.; Mitsuhashi, T.; Desvergne, B.; Robbins, J.; Nikodem, V.M. Molecular Basis of Thyroid Hormone Regulation of 
Myelin Basic Protein Gene Expression in Rodent Brain. J. Biol. Chem. 1991, 266, 23226–23232. 

83.  Farsetti, A.; Desvergne, B.; Hallenbeck, P.; Robbins, J.; Nikodem, V.M. Characterization of Myelin Basic Protein Thyroid 
Hormone Response Element and Its Function in the Context of Native and Heterologous Promoter. J. Biol. Chem. 1992, 267, 
15784–15788. 

84.  Koper, J.W.; Hoeben, R.C.; Hochstenbach, F.M.; van Golde, L.M.; Lopes-Cardozo, M. Effects of Triiodothyronine on the 
Synthesis of Sulfolipids by Oligodendrocyte-Enriched Glial Cultures. Biochim. Biophys. Acta 1986, 887, 327–334, doi:10.1016/0167-
4889(86)90162-x. 

85.  Huang, J.K.; Jarjour, A.A.; Nait Oumesmar, B.; Kerninon, C.; Williams, A.; Krezel, W.; Kagechika, H.; Bauer, J.; Zhao, C.; 
Evercooren, A.B.-V.; et al. Retinoid X Receptor Gamma Signaling Accelerates CNS Remyelination. Nat. Neurosci. 2011, 14, 45–
53, doi:10.1038/nn.2702. 

86.  Stacpoole, S.R.L.; Spitzer, S.; Bilican, B.; Compston, A.; Karadottir, R.; Chandran, S.; Franklin, R.J.M. High Yields of 
Oligodendrocyte Lineage Cells from Human Embryonic Stem Cells at Physiological Oxygen Tensions for Evaluation of 
Translational Biology. Stem Cell Rep. 2013, 1, 437–450, doi:10.1016/j.stemcr.2013.09.006. 

87.  Strait, K.A.; Zou, L.; Oppenheimer, J.H. Β1 Isoform-Specific Regulation of a Triiodothyronine-Induced Gene during Cerebellar 
Development. Mol. Endocrinol. 1992, doi:10.1210/mend.6.11.1282672. 

88.  Jones, S.A.; Jolson, D.M.; Cuta, K.K.; Mariash, C.N.; Anderson, G.W. Triiodothyronine Is a Survival Factor for Developing 
Oligodendrocytes. Mol. Cell. Endocrinol. 2003, doi:10.1016/S0303-7207(02)00296-4. 

89.  Alvarez-Dolado, M.; Iglesias, T.; Rodríguez-Peña, A.; Bernal, J.; Muñoz, A. Expression of Neurotrophins and the Trk Family of 
Neurotrophin Receptors in Normal and Hypothyroid Rat Brain. Brain Res. Mol. Brain Res. 1994, 27, 249–257, doi:10.1016/0169-
328x(94)90007-8. 

90.  Giordano, T.; Pan, J.B.; Casuto, D.; Watanabe, S.; Arneric, S.P. Thyroid Hormone Regulation of NGF, NT-3 and BDNF RNA in 
the Adult Rat Brain. Mol. Brain Res. 1992, 16, 239–245, doi:10.1016/0169-328X(92)90231-Y. 

91.  Lindholm, D.; Castrén, E.; Tsoulfas, P.; Kolbeck, R.; Berzaghi, M. da P.; Leingärtner, A.; Heisenberg, C.; Tessarollo, L.; Parada, 
L.; Thoenen, H.; et al. Neurotrophin-3 Induced by Tri-Iodothyronine in Cerebellar Granule Cells Promotes Purkinje Cell 
Differentiation. J. Cell Biol. 1993, 122, 443–450, doi:10.1083/jcb.122.2.443. 

92.  Matsuo, K.; Yamashita, S.; Niwa, M.; Kurihara, M.; Harakawa, S.; Izumi, M.; Nagataki, S.; Melmed, S. Thyroid Hormone 
Regulates Rat Pituitary Insulin-Like Growth Factor-I Receptors. Endocrinology 1990, 126, 550–554, doi:10.1210/endo-126-1-550. 

93.  Huat, T.J.; Khan, A.A.; Pati, S.; Mustafa, Z.; Abdullah, J.M.; Jaafar, H. IGF-1 Enhances Cell Proliferation and Survival during 
Early Differentiation of Mesenchymal Stem Cells to Neural Progenitor-like Cells. BMC Neurosci. 2014, 15, 91, doi:10.1186/1471-
2202-15-91. 

94.  Joseph D’Ercole, A.; Ye, P. Expanding the Mind: Insulin-like Growth Factor I and Brain Development. Endocrinology 2008, 149, 
5958–5962, doi:10.1210/en.2008-0920. 

95.  Kooijman, R. Regulation of Apoptosis by Insulin-like Growth Factor (IGF)-I. Cytokine Growth Factor Rev. 2006, 17, 305–323, 
doi:10.1016/j.cytogfr.2006.02.002. 



Biomolecules 2021, 11, 283 28 of 36 
 

96.  Ohlsson, C.; Mohan, S.; Sjögren, K.; Tivesten, Å.; Isgaard, J.; Isaksson, O.; Jansson, J.-O.; Svensson, J. The Role of Liver-Derived 
Insulin-Like Growth Factor-I. Endocr. Rev. 2009, 30, 494–535, doi:10.1210/er.2009-0010. 

97.  Wheatcroft, S.B.; Kearney, M.T. IGF-Dependent and IGF-Independent Actions of IGF-Binding Protein-1 and -2: Implications for 
Metabolic Homeostasis. Trends Endocrinol. Metab. TEM 2009, 20, 153–162, doi:10.1016/j.tem.2009.01.002. 

98.  Rotwein, P.; Burgess, S.K.; Milbrandt, J.D.; Krause, J.E. Differential Expression of Insulin-like Growth Factor Genes in Rat 
Central Nervous System. Proc. Natl. Acad. Sci. USA 1988, 85, 265–269, doi:10.1073/pnas.85.1.265. 

99.  Shinar, Y.; McMorris, F.A. Developing Oligodendroglia Express MRNA for Insulin-like Growth Factor-I, a Regulator of 
Oligodendrocyte Development. J. Neurosci. Res. 1995, 42, 516–527, doi:10.1002/jnr.490420410. 

100.  McMorris, F.A.; Smith, T.M.; DeSalvo, S.; Furlanetto, R.W. Insulin-like Growth Factor I/Somatomedin C: A Potent Inducer of 
Oligodendrocyte Development. Proc. Natl. Acad. Sci. USA 1986, 83, 822–826, doi:10.1073/pnas.83.3.822. 

101.  Mason, J.L.; Xuan, S.; Dragatsis, I.; Efstratiadis, A.; Goldman, J.E. Insulin-Like Growth Factor (IGF) Signaling through Type 1 
IGF Receptor Plays an Important Role in Remyelination. J. Neurosci. 2003, 23, 7710–7718, doi:10.1523/JNEUROSCI.23-20-
07710.2003. 

102.  Rodriguez-Perez, A.I.; Borrajo, A.; Diaz-Ruiz, C.; Garrido-Gil, P.; Labandeira-Garcia, J.L. Crosstalk between Insulin-like Growth 
Factor-1 and Angiotensin-II in Dopaminergic Neurons and Glial Cells: Role in Neuroinflammation and Aging. Oncotarget 2016, 
7, 30049–30067, doi:10.18632/oncotarget.9174. 

103.  Hakuno, F.; Takahashi, S.-I. IGF1 Receptor Signaling Pathways. J. Mol. Endocrinol. 2018, 61, T69–T86, doi:10.1530/JME-17-0311. 
104.  Boucher, J.; Tseng, Y.-H.; Kahn, C.R. Insulin and Insulin-like Growth Factor-1 Receptors Act as Ligand-Specific Amplitude 

Modulators of a Common Pathway Regulating Gene Transcription. J. Biol. Chem. 2010, 285, 17235–17245, 
doi:10.1074/jbc.M110.118620. 

105.  Gago, N.; Avellana-Adalid, V.; Evercooren, A.B.-V.; Schumacher, M. Control of Cell Survival and Proliferation of Postnatal 
PSA-NCAM+ Progenitors. Mol. Cell. Neurosci. 2003, 22, 162–178, doi:10.1016/S1044-7431(02)00030-1. 

106.  Arsenijevic, Y.; Weiss, S.; Schneider, B.; Aebischer, P. Insulin-Like Growth Factor-I Is Necessary for Neural Stem Cell 
Proliferation and Demonstrates Distinct Actions of Epidermal Growth Factor and Fibroblast Growth Factor-2. J. Neurosci. 2001, 
21, 7194–7202, doi:10.1523/JNEUROSCI.21-18-07194.2001. 

107.  Hsieh, J.; Aimone, J.B.; Kaspar, B.K.; Kuwabara, T.; Nakashima, K.; Gage, F.H. IGF-I Instructs Multipotent Adult Neural 
Progenitor Cells to Become Oligodendrocytes. J. Cell Biol. 2004, 164, 111–122, doi:10.1083/jcb.200308101. 

108.  Barres, B.A.; Schmid, R.; Sendnter, M.; Raff, M.C. Multiple Extracellular Signals Are Required for Long-Term Oligodendrocyte 
Survival. Development 1993, 118, 283–295. 

109.  Cui, Q.-L.; Zheng, W.-H.; Quirion, R.; Almazan, G. Inhibition of Src-like Kinases Reveals Akt-Dependent and -Independent 
Pathways in Insulin-like Growth Factor I-Mediated Oligodendrocyte Progenitor Survival. J. Biol. Chem. 2005, 280, 8918–8928, 
doi:10.1074/jbc.M414267200. 

110.  Barres, B.A.; Hart, I.K.; Coles, H.S.R.; Burne, J.F.; Voyvodic, J.T.; Richardson, W.D.; Raff, M.C. Cell Death in the Oligodendrocyte 
Lineage. J. Neurobiol. 1992, 23, 1221–1230, doi:10.1002/neu.480230912. 

111.  Zeger, M.; Popken, G.; Zhang, J.; Xuan, S.; Lu, Q.R.; Schwab, M.H.; Nave, K.-A.; Rowitch, D.; D’Ercole, A.J.; Ye, P. Insulin-like 
growth factor type 1 receptor signaling in the cells of oligodendrocyte lineage is required for normal in vivo oligodendrocyte 
development and myelination. Glia 2007, 55, 400–411, doi:10.1002/glia.20469. 

112.  McMorris, F.A.; Dubois-Dalcq, M. Insulin-like Growth Factor I Promotes Cell Proliferation and Oligodendroglial Commitment 
in Rat Glial Progenitor Cells Developing in Vitro. J. Neurosci. Res. 1988, 21, 199–209, doi:10.1002/jnr.490210212. 

113.  Cui, Q.-L.; Almazan, G. IGF-I-Induced Oligodendrocyte Progenitor Proliferation Requires PI3K/Akt, MEK/ERK, and Src-like 
Tyrosine Kinases. J. Neurochem. 2007, 100, 1480–1493, doi:https://doi.org/10.1111/j.1471-4159.2006.04329.x. 

114.  Lagarde, W.H.; Benjamin, R.; Heerens, A.T.; Ye, P.; Cohen, R.I.; Moats-Staats, B.M.; D’Ercole, A.J. A Non-Transformed 
Oligodendrocyte Precursor Cell Line, OL-1, Facilitates Studies of Insulin-like Growth Factor-I Signaling during 
Oligodendrocyte Development. Int. J. Dev. Neurosci. 2007, 25, 95–105, doi:10.1016/j.ijdevneu.2006.12.006. 

115.  Armstrong, R.C.; Dorn, H.H.; Kufta, C.V.; Friedman, E.; Dubois-Dalcq, M.E. Pre-Oligodendrocytes from Adult Human CNS. J. 
Neurosci. 1992, 12, 1538–1547, doi:10.1523/JNEUROSCI.12-04-01538.1992. 

116.  Cassé, F.; Richetin, K.; Toni, N. Astrocytes’ Contribution to Adult Neurogenesis in Physiology and Alzheimer’s Disease. Front. 
Cell. Neurosci. 2018, 12, doi:10.3389/fncel.2018.00432. 

117.  Diaz-Aparicio, I.; Paris, I.; Sierra-Torre, V.; Plaza-Zabala, A.; Rodríguez-Iglesias, N.; Márquez-Ropero, M.; Beccari, S.; Huguet, 
P.; Abiega, O.; Alberdi, E.; et al. Microglia Actively Remodel Adult Hippocampal Neurogenesis through the Phagocytosis 
Secretome. J. Neurosci. 2020, 40, 1453–1482, doi:10.1523/JNEUROSCI.0993-19.2019. 

118.  Kirby, E.D.; Muroy, S.E.; Sun, W.G.; Covarrubias, D.; Leong, M.J.; Barchas, L.A.; Kaufer, D. Acute Stress Enhances Adult Rat 
Hippocampal Neurogenesis and Activation of Newborn Neurons via Secreted Astrocytic FGF2. eLife 2013, 2, e00362, 
doi:10.7554/eLife.00362. 

119.  Chang, F.; Lee, J.T.; Navolanic, P.M.; Steelman, L.S.; Shelton, J.G.; Blalock, W.L.; Franklin, R.A.; McCubrey, J.A. Involvement of 
PI3K/Akt Pathway in Cell Cycle Progression, Apoptosis, and Neoplastic Transformation: A Target for Cancer Chemotherapy. 
Leukemia 2003, 17, 590–603, doi:10.1038/sj.leu.2402824. 

120.  Greulich, H.; Erikson, R.L. An Analysis of Mek1 Signaling in Cell Proliferation and Transformation. J. Biol. Chem. 1998, 273, 
13280–13288, doi:10.1074/jbc.273.21.13280. 



Biomolecules 2021, 11, 283 29 of 36 
 

121.  Kessaris, N.; Fogarty, M.; Iannarelli, P.; Grist, M.; Wegner, M.; Richardson, W.D. Competing Waves of Oligodendrocytes in the 
Forebrain and Postnatal Elimination of an Embryonic Lineage. Nat. Neurosci. 2006, 9, 173–179, doi:10.1038/nn1620. 

122.  Lin, G.; Mela, A.; Guilfoyle, E.M.; Goldman, J.E. Neonatal and Adult O4+ Oligodendrocyte Lineage Cells Display Different 
Growth Factor Responses and Different Gene Expression Patterns. J. Neurosci. Res. 2009, 87, 3390–3402, doi:10.1002/jnr.22065. 

123.  Mason, J.L.; Goldman, J.E. A2B5+ and O4+ Cycling Progenitors in the Adult Forebrain White Matter Respond Differentially to 
PDGF-AA, FGF-2, and IGF-1. Mol. Cell. Neurosci. 2002, 20, 30–42, doi:10.1006/mcne.2002.1114. 

124.  Mozell, R.L.; McMorris, F.A. Insulin-like growth factor I stimulates oligodendrocyte development and myelination in rat brain 
aggregate cultures. J. Neurosci. Res. 1991, 30, 382–390, doi:10.1002/jnr.490300214. 

125.  Ye, P.; Carson, J.; D’Ercole, A. In Vivo Actions of Insulin-like Growth Factor-I (IGF-I) on Brain Myelination: Studies of IGF-I and 
IGF Binding Protein-1 (IGFBP-1) Transgenic Mice. J. Neurosci. 1995, 15, 7344–7356, doi:10.1523/JNEUROSCI.15-11-07344.1995. 

126.  Ye, P.; D’Ercole, A.J. Insulin-Like Growth Factor I Protects Oligodendrocytes from Tumor Necrosis Factor-α-Induced Injury. 
Endocrinology 1999, 140, 3063–3072, doi:10.1210/endo.140.7.6754. 

127.  Beck, K.D.; Powell-Braxton, L.; Widmer, H.R.; Valverde, J.; Hefti, F. Igf1 Gene Disruption Results in Reduced Brain Size, CNS 
Hypomyelination, and Loss of Hippocampal Granule and Striatal Parvalbumin-Containing Neurons. Neuron 1995, 14, 717–730, 
doi:10.1016/0896-6273(95)90216-3. 

128.  Ye, P.; Li, L.; Richards, R.G.; DiAugustine, R.P.; D’Ercole, A.J. Myelination Is Altered in Insulin-Like Growth Factor-I Null 
Mutant Mice. J. Neurosci. 2002, 22, 6041–6051, doi:10.1523/JNEUROSCI.22-14-06041.2002. 

129.  Morisawa, K.; Sugisaki, T.; Kanamatsu, T.; Aoki, T.; Noguchi, T. Factors Contributing to Cerebral Hypomyelination in the 
Growth Hormone-Deficientlittle Mouse. Neurochem. Res. 1989, 14, 173–177, doi:10.1007/BF00969635. 

130.  Carson, M.J.; Behringer, R.R.; Brinster, R.L.; McMorris, F.A. Insulin-like Growth Factor I Increases Brain Growth and Central 
Nervous System Myelination in TTransgenic Mice. Neuron 1993, 10, 729–740, doi:10.1016/0896-6273(93)90173-O. 

131.  Ye, P.; Popken, G.J.; Kemper, A.; McCarthy, K.; Popko, B.; D’Ercole, A.J. Astrocyte-Specific Overexpression of Insulin-like 
Growth Factor-I Promotes Brain Overgrowth and Glial Fibrillary Acidic Protein Expression. J. Neurosci. Res. 2004, 78, 472–484, 
doi:10.1002/jnr.20288. 

132.  Luzi, P.; Zaka, M.; Rao, H.Z.; Curtis, M.; Rafi, M.A.; Wenger, D.A. Generation of Transgenic Mice Expressing Insulin-like 
Growth Factor-1 under the Control of the Myelin Basic Protein Promoter: Increased Myelination and Potential for Studies on 
the Effects of Increased IGF-1 on Experimentally and Genetically Induced Demyelination. Neurochem. Res. 2004, 29, 881–889, 
doi:10.1023/b:nere.0000021233.79076.72. 

133.  Hua, K.; Forbes, M.E.; Lichtenwalner, R.J.; Sonntag, W.E.; Riddle, D.R. Adult-Onset Deficiency in Growth Hormone and Insulin-
like Growth Factor-I Alters Oligodendrocyte Turnover in the Corpus Callosum. Glia 2009, 57, 1062–1071, doi:10.1002/glia.20829. 

134.  Thevis, M.; Thomas, A.; Schänzer, W. Insulin. Handb. Exp. Pharmacol. 2010, 209–226, doi:10.1007/978-3-540-79088-4_10. 
135.  Wozniak, M.; Rydzewski, B.; Baker, S.P.; Raizada, M.K. The Cellular and Physiological Actions of Insulin in the Central Nervous 

System. Neurochem. Int. 1993, 22, 1–10, doi:10.1016/0197-0186(93)90062-a. 
136.  Wilcox, G. Insulin and Insulin Resistance. Clin. Biochem. Rev. 2005, 26, 19–39. 
137.  Banks, W.A.; Owen, J.B.; Erickson, M.A. Insulin in the Brain: There and Back Again. Pharmacol. Ther. 2012, 136, 82–93, 

doi:10.1016/j.pharmthera.2012.07.006. 
138.  Devaskar, S.U.; Giddings, S.J.; Rajakumar, P.A.; Carnaghi, L.R.; Menon, R.K.; Zahm, D.S. Insulin Gene Expression and Insulin 

Synthesis in Mammalian Neuronal Cells. J. Biol. Chem. 1994, 269, 8445–8454. 
139.  Raizada, M.K. Localization of Insulin-like Immunoreactivity in the Neurons from Primary Cultures of Rat Brain. Exp. Cell Res. 

1983, 143, 351–357, doi:10.1016/0014-4827(83)90061-7. 
140.  Stockhorst, U.; de Fries, D.; Steingrueber, H.-J.; Scherbaum, W.A. Insulin and the CNS: Effects on Food Intake, Memory, and 

Endocrine Parameters and the Role of Intranasal Insulin Administration in Humans. Physiol. Behav. 2004, 83, 47–54, 
doi:10.1016/j.physbeh.2004.07.022. 

141.  Heni, M.; Hennige, A.M.; Peter, A.; Siegel-Axel, D.; Ordelheide, A.-M.; Krebs, N.; Machicao, F.; Fritsche, A.; Häring, H.-U.; 
Staiger, H. Insulin Promotes Glycogen Storage and Cell Proliferation in Primary Human Astrocytes. PLoS ONE 2011, 6, 
doi:10.1371/journal.pone.0021594. 

142.  Zhang, Y.; Chen, K.; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O’Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; Caneda, C.; Ruderisch, 
N.; et al. An RNA-Sequencing Transcriptome and Splicing Database of Glia, Neurons, and Vascular Cells of the Cerebral Cortex. 
J. Neurosci. 2014, 34, 11929–11947, doi:10.1523/JNEUROSCI.1860-14.2014. 

143.  Pal, R.H.M. van der; Koper, J.W.; Golde, L.M.G. van; Lopes-Cardozo, M. Effects of Insulin And-like Growth Factor (IGF-I)on 
Oligodendrocyte-Enriched Glial Culture. J. Neurosci. Res. 1988, 19, 483–490, doi:10.1002/jnr.490190412. 

144.  Saneto, R.P.; Low, K.G.; Melner, M.H.; Vellis, J. de Insulin/Insulin-like Growth Factor I and Other Epigenetic Modulators of 
Myelin Basic Protein Expression in Isolated Oligodendrocyte Progenitor Cells. J. Neurosci. Res. 1988, 21, 210–219, 
doi:https://doi.org/10.1002/jnr.490210213. 

145.  Freeman, M.E.; Kanyicska, B.; Lerant, A.; Nagy, G. Prolactin: Structure, Function, and Regulation of Secretion. Physiol. Rev. 2000, 
80, 1523–1631, doi:10.1152/physrev.2000.80.4.1523. 

146.  Cabrera-Reyes, E.A.; Vergara-Castañeda, E.; Rivero-Segura, N.; Cerbón, M. Sex Differences in Prolactin and Its Receptor 
Expression in Pituitary, Hypothalamus, and Hippocampus of the Rat. Rev. Mex. Endocrinol. Metab. Nutr. 2015, 2, 60–67. 



Biomolecules 2021, 11, 283 30 of 36 
 

147.  Emanuele, N.V.; Jurgens, J.K.; Halloran, M.M.; Tentler, J.J.; Lawrence, A.M.; Kelley, M.R. The Rat Prolactin Gene Is Expressed 
in Brain Tissue: Detection of Normal and Alternatively Spliced Prolactin Messenger RNA. Mol. Endocrinol. Baltim. Md 1992, 6, 
35–42, doi:10.1210/mend.6.1.1738369. 

148.  DeVito, W.J.; Connors, J.M.; Hedge, G.A. Immunoreactive Prolactin in the Rat Hypothalamus: In Vitro Release and Subcellular 
Localization. Neuroendocrinology 1987, 46, 155–161, doi:10.1159/000124813. 

149.  Fields, K.; Kulig, E.; Lloyd, R.V. Detection of Prolactin Messenger RNA in Mammary and Other Normal and Neoplastic Tissues 
by Polymerase Chain Reaction. Lab. Investig. J. Tech. Methods Pathol. 1993, 68, 354–360. 

150.  McNeilly, A.S.; Robinson, I.C.; Houston, M.J.; Howie, P.W. Release of Oxytocin and Prolactin in Response to Suckling. Br. Med. 
J. Clin. Res. Ed. 1983, 286, 257–259, doi:10.1136/bmj.286.6361.257. 

151.  Wehr, T.A. Effect of Seasonal Changes in Daylength on Human Neuroendocrine Function. Horm. Res. Paediatr. 1998, 49, 118–
124, doi:10.1159/000023157. 

152.  Brooks, C.L. Molecular Mechanisms of Prolactin and Its Receptor. Endocr. Rev. 2012, 33, 504–525, doi:10.1210/er.2011-1040. 
153.  Bakowska, J.C.; Morrell, J.I. Atlas of the neurons that express mRNA for the long form of the prolactin receptor in the forebrain 

of the female rat. J. Comp. Neurol. 1997, 386, 161–177, doi:10.1002/(SICI)1096-9861(19970922)386:2<161::AID-CNE1>3.0.CO;2-#. 
154.  Cabrera-Reyes, E.A.; Limón-Morales, O.; Rivero-Segura, N.A.; Camacho-Arroyo, I.; Cerbón, M. Prolactin Function and Putative 

Expression in the Brain. Endocrine 2017, 57, 199–213, doi:10.1007/s12020-017-1346-x. 
155.  Gregg, C.; Shikar, V.; Larsen, P.; Mak, G.; Chojnacki, A.; Yong, V.W.; Weiss, S. White Matter Plasticity and Enhanced 

Remyelination in the Maternal CNS. J. Neurosci. Off. J. Soc. Neurosci. 2007, 27, 1812–1823, doi:10.1523/JNEUROSCI.4441-06.2007. 
156.  Pathipati, P.; Gorba, T.; Scheepens, A.; Goffin, V.; Sun, Y.; Fraser, M. Growth Hormone and Prolactin Regulate Human Neural 

Stem Cell Regenerative Activity. Neuroscience 2011, 190, 409–427, doi:10.1016/j.neuroscience.2011.05.029. 
157.  Sackmann-Sala, L.; Guidotti, J.-E.; Goffin, V. Minireview: Prolactin Regulation of Adult Stem Cells. Mol. Endocrinol. 2015, 29, 

667–681, doi:10.1210/me.2015-1022. 
158.  Shingo, T.; Gregg, C.; Enwere, E.; Fujikawa, H.; Hassam, R.; Geary, C.; Cross, J.C.; Weiss, S. Pregnancy-Stimulated Neurogenesis 

in the Adult Female Forebrain Mediated by Prolactin. Science 2003, 299, 117–120, doi:10.1126/science.1076647. 
159.  Wagner, K.; Couillard-Despres, S.; Lehner, B.; Brockhoff, G.; Rivera, F.J.; Blume, A.; Neumann, I.; Aigner, L. Prolactin Induces 

MAPK Signaling in Neural Progenitors without Alleviating Glucocorticoid-Induced Inhibition of in Vitro Neurogenesis. Cell. 
Physiol. Biochem. 2009, 24, 397–406, doi:10.1159/000257432. 

160.  Jimenez-Jorge, S.; Guerrero, J.M.; Jimenez-Caliani, A.J.; Naranjo, M.C.; Lardone, P.J.; Carrillo-Vico, A.; Osuna, C.; Molinero, P. 
Evidence for Melatonin Synthesis in the Rat Brain during Development. J. Pineal Res. 2007, 42, 240–246, doi:10.1111/j.1600-
079X.2006.00411.x. 

161.  Kvetnoy, I.M. Extrapineal Melatonin: Location and Role within Diffuse Neuroendocrine System. Histochem. J. 1999, 31, 1–12, 
doi:10.1023/A:1003431122334. 

162.  Borjigin, J.; Zhang, L.S.; Calinescu, A.-A. Circadian Regulation of Pineal Gland Rhythmicity. Mol. Cell. Endocrinol. 2012, 349, 13–
19, doi:10.1016/j.mce.2011.07.009. 

163.  Chapter 4 Suprachiasmatic nucleus (SCN) and pineal gland (Fig. 4A). In Handbook of Clinical Neurology; The Human 
Hypothalamus: Basic and Clinical Aspects; Swaab, D.F., Ed.; Elsevier: Amsterdam, The Netherlands, 2003; Volume 79, pp. 63–
125. 

164.  Dubocovich, M.L.; Delagrange, P.; Krause, D.N.; Sugden, D.; Cardinali, D.P.; Olcese, J. International Union of Basic and Clinical 
Pharmacology. LXXV. Nomenclature, Classification, and Pharmacology of G Protein-Coupled Melatonin Receptors. Pharmacol. 
Rev. 2010, 62, 343–380, doi:10.1124/pr.110.002832. 

165.  Mauriz, J.L.; Collado, P.S.; Veneroso, C.; Reiter, R.J.; González-Gallego, J. A Review of the Molecular Aspects of Melatonin’s 
Anti-Inflammatory Actions: Recent Insights and New Perspectives. J. Pineal Res. 2013, 54, 1–14, doi:10.1111/j.1600-
079X.2012.01014.x. 

166.  Tarocco, A.; Caroccia, N.; Morciano, G.; Wieckowski, M.R.; Ancora, G.; Garani, G.; Pinton, P. Melatonin as a Master Regulator 
of Cell Death and Inflammation: Molecular Mechanisms and Clinical Implications for Newborn Care. Cell Death Dis. 2019, 10, 
1–12, doi:10.1038/s41419-019-1556-7. 

167.  Olivier, P.; Fontaine, R.H.; Loron, G.; Steenwinckel, J.V.; Biran, V.; Massonneau, V.; Kaindl, A.; Dalous, J.; Charriaut-Marlangue, 
C.; Aigrot, M.-S.; et al. Melatonin Promotes Oligodendroglial Maturation of Injured White Matter in Neonatal Rats. PLoS ONE 
2009, 4, e7128, doi:10.1371/journal.pone.0007128. 

168.  Chen, B.H.; Park, J.H.; Lee, Y.L.; Kang, I.J.; Kim, D.W.; Hwang, I.K.; Lee, C.-H.; Yan, B.C.; Kim, Y.-M.; Lee, T.-K.; et al. Melatonin 
Improves Vascular Cognitive Impairment Induced by Ischemic Stroke by Remyelination via Activation of ERK1/2 Signaling 
and Restoration of Glutamatergic Synapses in the Gerbil Hippocampus. Biomed. Pharmacother. 2018, 108, 687–697, 
doi:10.1016/j.biopha.2018.09.077. 

169.  Ghareghani, M.; Scavo, L.; Jand, Y.; Farhadi, N.; Sadeghi, H.; Ghanbari, A.; Mondello, S.; Arnoult, D.; Gharaghani, S.; Zibara, K. 
Melatonin Therapy Modulates Cerebral Metabolism and Enhances Remyelination by Increasing PDK4 in a Mouse Model of 
Multiple Sclerosis. Front. Pharmacol. 2019, 10, doi:10.3389/fphar.2019.00147. 

170.  Ghareghani, M.; Sadeghi, H.; Zibara, K.; Danaei, N.; Azari, H.; Ghanbari, A. Melatonin Increases Oligodendrocyte 
Differentiation in Cultured Neural Stem Cells. Cell. Mol. Neurobiol. 2017, 37, 1319–1324, doi:10.1007/s10571-016-0450-4. 



Biomolecules 2021, 11, 283 31 of 36 
 

171.  Mendivil-Perez, M.; Soto-Mercado, V.; Guerra-Librero, A.; Fernandez-Gil, B.I.; Florido, J.; Shen, Y.-Q.; Tejada, M.A.; Capilla-
Gonzalez, V.; Rusanova, I.; Garcia-Verdugo, J.M.; et al. Melatonin Enhances Neural Stem Cell Differentiation and Engraftment 
by Increasing Mitochondrial Function. J. Pineal Res. 2017, 63, e12415, doi:10.1111/jpi.12415. 

172.  Adachi, A.; Natesan, A.K.; Whitfield-Rucker, M.G.; Weigum, S.E.; Cassone, V.M. Functional Melatonin Receptors and Metabolic 
Coupling in Cultured Chick Astrocytes. Glia 2002, 39, 268–278, doi:10.1002/glia.10109. 

173.  Kaur, C.; Sivakumar, V.; Ling, E.A. Melatonin Protects Periventricular White Matter from Damage Due to Hypoxia. J. Pineal 
Res. 2010, 48, 185–193, doi:10.1111/j.1600-079X.2009.00740.x. 

174.  Litwack, G. Chapter 16—Steroid Hormones. In Human Biochemistry; Litwack, G., Ed.; Elsevier: Amsterdam, The Netherlands, 
2018; pp. 467–506, ISBN 978-0-12-383864-3. 

175.  Breuner, C.W.; Orchinik, M. Plasma Binding Proteins as Mediators of Corticosteroid Action in Vertebrates. J. Endocrinol. 2002, 
175, 99–112, doi:10.1677/joe.0.1750099. 

176.  Pawluski, J.L.; Brummelte, S.; Barha, C.K.; Crozier, T.M.; Galea, L.A.M. Effects of Steroid Hormones on Neurogenesis in the 
Hippocampus of the Adult Female Rodent during the Estrous Cycle, Pregnancy, Lactation and Aging. Front. Neuroendocrinol. 
2009, 30, 343–357, doi:10.1016/j.yfrne.2009.03.007. 

177.  Spritzer, M.D.; Roy, E.A. Testosterone and Adult Neurogenesis. Biomolecules 2020, 10, doi:10.3390/biom10020225. 
178.  Ramamoorthy, S.; Cidlowski, J.A. Corticosteroids-Mechanisms of Action in Health and Disease. Rheum. Dis. Clin. N. Am. 2016, 

42, 15–31, doi:10.1016/j.rdc.2015.08.002. 
179.  Miller, W.L.; Auchus, R.J. The Molecular Biology, Biochemistry, and Physiology of Human Steroidogenesis and Its Disorders. 

Endocr. Rev. 2011, 32, 81–151, doi:10.1210/er.2010-0013. 
180.  Smith, S.M.; Vale, W.W. The Role of the Hypothalamic-Pituitary-Adrenal Axis in Neuroendocrine Responses to Stress. Dialogues 

Clin. Neurosci. 2006, 8, 383–395. 
181.  Nicolaides, N.C.; Chrousos, G.; Kino, T. Glucocorticoid Receptor. In Endotext; Feingold, K.R., Anawalt, B., Boyce, A., Chrousos, 

G., de Herder, W.W., Dungan, K., Grossman, A., Hershman, J.M., Hofland, J., Kaltsas, G., et al., Eds.; MDText.com, Inc.: South 
Dartmouth, MA, USA, 2000. 

182.  Bohn, M.C.; Howard, E.; Vielkind, U.; Krozowski, Z. Glial Cells Express Both Mineralocorticoid and Glucocorticoid Receptors. 
J. Steroid Biochem. Mol. Biol. 1991, 40, 105–111, doi:10.1016/0960-0760(91)90173-3. 

183.  Matsusue, Y.; Horii-Hayashi, N.; Kirita, T.; Nishi, M. Distribution of Corticosteroid Receptors in Mature Oligodendrocytes and 
Oligodendrocyte Progenitors of the Adult Mouse Brain. J. Histochem. Cytochem. 2014, 62, 211–226, doi:10.1369/0022155413517700. 

184.  Vielkind, U.; Walencewicz, A.; Levine, J.M.; Bohn, M.C. Type II Glucocorticoid Receptors Are Expressed in Oligodendrocytes 
and Astrocytes. J. Neurosci. Res. 1990, 27, 360–373, doi:10.1002/jnr.490270315. 

185.  Preston, S.L.; McMorris, F.A. Adrenalectomy of Rats Results in Hypomyelination of the Central Nervous System. J. Neurochem. 
1984, 42, 262–267, doi:10.1111/j.1471-4159.1984.tb09727.x. 

186.  Meyer, J.S. Early Adrenalectomy Stimulates Subsequent Growth and Development of the Rat Brain. Exp. Neurol. 1983, 82, 432–
446, doi:10.1016/0014-4886(83)90415-6. 

187.  Warringa, R.A.J.; Hoeben, R.C.; Koper, J.W.; Sykes, J.E.C.; van Golde, L.M.G.; Lopes-Cardozo, M. Hydrocortisone Stimulates 
the Development of Oligodendrocytes in Primary Glial Cultures and Affects Glucose Metabolism and Lipid Synthesis in These 
Cultures. Dev. Brain Res. 1987, 34, 79–86, doi:10.1016/0165-3806(87)90197-0. 

188.  Mann, S.A.; Versmold, B.; Marx, R.; Stahlhofen, S.; Dietzel, I.D.; Heumann, R.; Berger, R. Corticosteroids Reverse Cytokine-
Induced Block of Survival and Differentiation of Oligodendrocyte Progenitor Cells from Rats. J. Neuroinflammation 2008, 5, 1–
17, doi:10.1186/1742-2094-5-39. 

189.  Kim, J.-W.; Kim, Y.J.; Chang, Y.P. Administration of Dexamethasone to Neonatal Rats Induces Hypomyelination and Changes 
in the Morphology of Oligodendrocyte Precursors. Comp. Med. 2013, 63, 7. 

190.  Chesik, D.; De Keyser, J. Progesterone and Dexamethasone Differentially Regulate the IGF-System in Glial Cells. Neurosci. Lett. 
2010, 468, 178–182, doi:10.1016/j.neulet.2009.10.051. 

191.  Almazan, G.; Honegger, P.; Du Pasquier, P.; Matthieu, J.M. Dexamethasone Stimulates the Biochemical Differentiation of Fetal 
Forebrain Cells in Reaggregating Cultures. Dev. Neurosci. 1986, 8, 14–23, doi:10.1159/000112237. 

192.  de Vellis, J. Developmental and Hormonal Regulation of Gene Expression in Oligodendrocytes. Ann. N. Y. Acad. Sci. 1990, 605, 
81–89, doi:10.1111/j.1749-6632.1990.tb42383.x. 

193.  Kumar, S.; Cole, R.; Chiappelli, F.; de Vellis, J. Differential Regulation of Oligodendrocyte Markers by Glucocorticoids: Post-
Transcriptional Regulation of Both Proteolipid Protein and Myelin Basic Protein and Transcriptional Regulation of Glycerol 
Phosphate Dehydrogenase. Proc. Natl. Acad. Sci. USA 1989, 86, 6807–6811, doi:10.1073/pnas.86.17.6807. 

194.  Jenkins, S.I.; Pickard, M.R.; Khong, M.; Smith, H.L.; Mann, C.L.A.; Emes, R.D.; Chari, D.M. Identifying the Cellular Targets of 
Drug Action in the Central Nervous System Following Corticosteroid Therapy. ACS Chem. Neurosci. 2014, 5, 51–63, 
doi:10.1021/cn400167n. 

195.  Alonso, G. Prolonged Corticosterone Treatment of Adult Rats Inhibits the Proliferation of Oligodendrocyte Progenitors Present 
throughout White and Gray Matter Regions of the Brain. Glia 2000, 31, 219–231, doi:10.1002/1098-1136(200009)31:3<219::AID-
GLIA30>3.0.CO;2-R. 

196.  Wennström, M.; Hellsten, J.; Ekstrand, J.; Lindgren, H.; Tingström, A. Corticosterone-Induced Inhibition of Gliogenesis in Rat 
Hippocampus Is Counteracted by Electroconvulsive Seizures. Biol. Psychiatry 2006, 59, 178–186, 
doi:10.1016/j.biopsych.2005.08.032. 



Biomolecules 2021, 11, 283 32 of 36 
 

197.  Banasr, M.; Valentine, G.W.; Li, X.Y.; Gourley, S.L.; Taylor, J.R.; Duman, R.S. Chronic Unpredictable Stress Decreases Cell 
Proliferation in the Cerebral Cortex of the Adult Rat. Biol. Psychiatry 2007, 62, 496–504, doi:10.1016/j.biopsych.2007.02.006. 

198.  Nichols, N.R.; Masters, J.N.; Finch, C.E. Changes in Gene Expression in Hippocampus in Response to Glucocorticoids and Stress. 
Brain Res. Bull. 1990, 24, 659–662, doi:10.1016/0361-9230(90)90004-J. 

199.  Masters, J.N.; Finch, C.E.; Nichols, N.R. Rapid Increase in Glycerol Phosphate Dehydrogenase MRNA in Adult Rat Brain: A 
Glucocorticoid-Dependent Stress Response. Neuroendocrinology 1994, 60, 23–35, doi:10.1159/000126716. 

200.  Kumar, S.; Cole, R.; Chiappelli, F. Differential Regulation of Oligodendrocyte. Proc. Natl. Acad. Sci. USA 1989, 86, 6807–6811. 
201.  Cheng, J.D.; Vellis, J. de Oligodendrocytes as Glucocorticoids Target Cells: Functional Analysis of the Glycerol Phosphate 

Dehydrogenase Gene. J. Neurosci. Res. 2000, 59, 436–445, doi:10.1002/(SICI)1097-4547(20000201)59:3<436::AID-JNR19>3.0.CO;2-
Z. 

202.  Laursen, L.S.; Ffrench-Constant, C. Adhesion Molecules in the Regulation of CNS Myelination. Neuron Glia Biol. 2007, 3, 367–
375, doi:10.1017/S1740925X08000161. 

203.  Miyata, S.; Koyama, Y.; Takemoto, K.; Yoshikawa, K.; Ishikawa, T.; Taniguchi, M.; Inoue, K.; Aoki, M.; Hori, O.; Katayama, T.; 
et al. Plasma Corticosterone Activates SGK1 and Induces Morphological Changes in Oligodendrocytes in Corpus Callosum. 
PLoS ONE 2011, 6, doi:10.1371/journal.pone.0019859. 

204.  Hinds, L.R.; Chun, L.E.; Woodruff, E.R.; Christensen, J.A.; Hartsock, M.J.; Spencer, R.L. Dynamic Glucocorticoid-Dependent 
Regulation of Sgk1 Expression in Oligodendrocytes of Adult Male Rat Brain by Acute Stress and Time of Day. PLoS ONE 2017, 
12, e0175075, doi:10.1371/journal.pone.0175075. 

205.  Ghoumari, A.M.; Ghanem, C.A.; Asbelaoui, N.; Schumacher, M.; Hussain, R. Roles of Progesterone, Testosterone and Their 
Nuclear Receptors in Central Nervous System Myelination and Remyelination. Int. J. Mol. Sci. 2020, 21, 1–18, 
doi:10.3390/ijms21093163. 

206.  Cerghet, M.; Skoff, R.P.; Bessert, D.; Zhang, Z.; Mullins, C.; Ghandour, M.S. Proliferation and Death of Oligodendrocytes and 
Myelin Proteins Are Differentially Regulated in Male and Female Rodents. J. Neurosci. 2006, 26, 1439–1447, 
doi:10.1523/JNEUROSCI.2219-05.2006. 

207.  van Hemmen, J.; Saris, I.M.J.; Cohen-Kettenis, P.T.; Veltman, D.J.; Pouwels, P.J.W.; Bakker, J. Sex Differences in White Matter 
Microstructure in the Human Brain Predominantly Reflect Differences in Sex Hormone Exposure. Cereb. Cortex 2017, 27, 2994–
3001, doi:10.1093/cercor/bhw156. 

208.  Arvanitis, D.N.; Wang, H.; Bagshaw, R.D.; Callahan, J.W.; Boggs, J.M. Membrane-Associated Estrogen Receptor and Caveolin-
1 Are Present in Central Nervous System Myelin and Oligodendrocyte Plasma Membranes. J. Neurosci. Res. 2004, 75, 603–613, 
doi:10.1002/jnr.20017. 

209.  Hirahara, Y.; Matsuda, K.I.; Gao, W.; Arvanitis, D.N.; Kawata, M.; Boggs, J.M. The Localization and Non-Genomic Function of 
the Membrane-Associated Estrogen Receptor in Oligodendrocytes. Glia 2009, 57, 153–165, doi:10.1002/glia.20742. 

210.  Mogha, A.; D’Rozario, M.; Monk, K.R. G Protein-Coupled Receptors in Myelinating Glia. Trends Pharmacol. Sci. 2016, 37, 977–
987, doi:10.1016/j.tips.2016.09.002. 

211.  Zhang, Z.; Cerghet, M.; Mullins, C.; Williamson, M.; Bessert, D.; Skoff, R. Comparison of in Vivo and in Vitro Subcellular 
Localization of Estrogen Receptors α and β in Oligodendrocytes. J. Neurochem. 2004, 89, 674–684, doi:10.1111/j.1471-
4159.2004.02388.x. 

212.  Roby, K.F. 17 Beta Estradiol. In Reference Module in Biomedical Sciences; Elsevier: Amsterdam, The Netherlands, 2019; ISBN 978-
0-12-801238-3. 

213.  Toran-Allerand, C.D.; Tinnikov, A.A.; Singh, R.J.; Nethrapalli, I.S. 17α-Estradiol: A Brain Active Estrogen? Endocrinology 2005, 
146, 3843–3850, doi:10.1210/en.2004-1616. 

214.  Hess, R.A. Estrogen in the Adult Male Reproductive Tract: A Review. Reprod. Biol. Endocrinol. 2003, 1, 52, doi:10.1186/1477-7827-
1-52. 

215.  Isidori, A.M.; Strollo, F.; Morè, M.; Caprio, M.; Aversa, A.; Moretti, C.; Frajese, G.; Riondino, G.; Fabbri, A. Leptin and Aging: 
Correlation with Endocrine Changes in Male and Female Healthy Adult Populations of Different Body Weights. J. Clin. 
Endocrinol. Metab. 2000, 85, 1954–1962, doi:10.1210/jcem.85.5.6572. 

216.  Vidal, O.; Lindberg, M.K.; Hollberg, K.; Baylink, D.J.; Andersson, G.; Lubahn, D.B.; Mohan, S.; Gustafsson, J.A.; Ohlsson, C. 
Estrogen Receptor Specificity in the Regulation of Skeletal Growth and Maturation in Male Mice. Proc. Natl. Acad. Sci. USA 2000, 
97, 5474–5479, doi:10.1073/pnas.97.10.5474. 

217.  Dorrington, J.H.; Moon, Y.S.; Armstrong, D.T. Estradiol-17beta Biosynthesis in Cultured Granulosa Cells from 
Hypophysectomized Immature Rats; Stimulation by Follicle-Stimulating Hormone. Endocrinology 1975, 97, 1328–1331, 
doi:10.1210/endo-97-5-1328. 

218.  Lucas, T.F.G.; Pimenta, M.T.; Pisolato, R.; Lazari, M.F.M.; Porto, C.S. 17β-Estradiol Signaling and Regulation of Sertoli Cell 
Function. Spermatogenesis 2011, 1, 318–324, doi:10.4161/spmg.1.4.18903. 

219.  Boon, W.C.; Chow, J.D.Y.; Simpson, E.R. Chapter 12—The Multiple Roles of Estrogens and the Enzyme Aromatase. In Progress 
in Brain Research; Neuroendocrinology: The Normal Neuroendocrine System; Martini, L., Ed.; Elsevier: Amsterdam, The 
Netherlands, 2010; Volume 181, pp. 209–232. 

220.  Weiser, M.J.; Foradori, C.D.; Handa, R.J. Estrogen Receptor Beta in the Brain: From Form to Function. Brain Res. Rev. 2008, 57, 
309–320, doi:10.1016/j.brainresrev.2007.05.013. 



Biomolecules 2021, 11, 283 33 of 36 
 

221.  Lee, H.-R.; Kim, T.-H.; Choi, K.-C. Functions and Physiological Roles of Two Types of Estrogen Receptors, ERα and ERβ, 
Identified by Estrogen Receptor Knockout Mouse. Lab. Anim. Res. 2012, 28, 71–76, doi:10.5625/lar.2012.28.2.71. 

222.  Dennis, M.K.; Burai, R.; Ramesh, C.; Petrie, W.K.; Alcon, S.N.; Nayak, T.K.; Bologa, C.G.; Leitao, A.; Brailoiu, E.; Deliu, E.; et al. 
In Vivo Effects of a GPR30 Antagonist. Nat. Chem. Biol. 2009, 5, 421–427, doi:10.1038/nchembio.168. 

223.  Prossnitz, E.R.; Maggiolini, M. Mechanisms of Estrogen Signaling and Gene Expression via GPR30. Mol. Cell. Endocrinol. 2009, 
308, 32–38, doi:10.1016/j.mce.2009.03.026. 

224.  Toran-Allerand, C.D. Estrogen and the Brain: Beyond ER-α, ER-β, and 17β-Estradiol. Ann. N. Y. Acad. Sci. 2005, 1052, 136–144, 
doi:10.1196/annals.1347.009. 

225.  Revankar, C.M.; Cimino, D.F.; Sklar, L.A.; Arterburn, J.B.; Prossnitz, E.R. A Transmembrane Intracellular Estrogen Receptor 
Mediates Rapid Cell Signaling. Science 2005, 307, 1625–1630, doi:10.1126/science.1106943. 

226.  Filardo, E.J.; Thomas, P. GPR30: A Seven-Transmembrane-Spanning Estrogen Receptor That Triggers EGF Release. Trends 
Endocrinol. Metab. 2005, 16, 362–367, doi:10.1016/j.tem.2005.08.005. 

227.  Zhang, L.; Ma, Y.; Liu, M.; Ma, Y.; Guo, H. The Effects of Various Estrogen Doses on the Proliferation and Differentiation of 
Cultured Neural Stem Cells. Gen. Physiol. Biophys. 2019, 38, 417–425, doi:10.4149/gpb_2019022. 

228.  Takao, T.; Flint, N.; Lee, L.; Ying, X.; Merrill, J.; Chandross, K.J. 17Beta-Estradiol Protects Oligodendrocytes From Cytotoxicity 
Induced Cell Death. J. Neurochem. 2004, 89, 660–673, doi:10.1111/j.1471-4159.2004.02370.x. 

229.  Marin-Husstege, M.; Muggironi, M.; Raban, D.; Skoff, R.P.; Casaccia-Bonnefil, P. Oligodendrocyte Progenitor Proliferation and 
Maturation Is Differentially Regulated by Male and Female Sex Steroid Hormones. Dev. Neurosci. 2004, 26, 245–254, 
doi:10.1159/000082141. 

230.  Okada, M.; Murase, K.; Makino, A.; Nakajima, M.; Kaku, T.; Furukawa, S.; Furukawa, Y. Effects of Estrogens on Proliferation 
and Differentiation of Neural Stem/Progenitor Cells. Biomed. Res. 2008, 29, 163–170, doi:10.2220/biomedres.29.163. 

231.  Brännvall, K.; Korhonen, L.; Lindholm, D. Estrogen-Receptor-Dependent Regulation of Neural Stem Cell Proliferation and 
Differentiation. Mol. Cell. Neurosci. 2002, 21, 512–520, doi:10.1006/mcne.2002.1194. 

232.  Okada, M.; Makino, A.; Nakajima, M.; Okuyama, S.; Furukawa, S.; Furukawa, Y. Estrogen Stimulates Proliferation and 
Differentiation of Neural Stem/Progenitor Cells through Different Signal Transduction Pathways. Int. J. Mol. Sci. 2010, 11, 4114–
4123, doi:10.3390/ijms11104114. 

233.  Varshney, M.K.; Inzunza, J.; Lupu, D.; Ganapathy, V.; Antonson, P.; Rüegg, J.; Nalvarte, I.; Gustafsson, J. \AAke Role of 
Estrogen Receptor Beta in Neural Differentiation of Mouse Embryonic Stem Cells. Proc. Natl. Acad. Sci. USA 2017, 114, E10428–
E10437, doi:10.1073/pnas.1714094114. 

234.  Barratt, H.E.; Budnick, H.C.; Parra, R.; Lolley, R.J.; Perry, C.N.; Nesic, O. Tamoxifen Promotes Differentiation of 
Oligodendrocyte Progenitors in Vitro. Neuroscience 2016, 319, 146–154, doi:10.1016/j.neuroscience.2016.01.026. 

235.  Xiao, L.; Guo, D.; Hu, C.; Shen, W.; Shan, L.; Li, C.; Liu, X.; Yang, W.; Zhang, W.; He, C. Diosgenin Promotes Oligodendrocyte 
Progenitor Cell Differentiation through Estrogen Receptor-Mediated ERK1/2 Activation to Accelerate Remyelination. Glia 2012, 
60, 1037–1052, doi:10.1002/glia.22333. 

236.  Swamydas, M.; Bessert, D.; Skoff, R. Sexual Dimorphism of Oligodendrocytes Is Mediated by Differential Regulation of 
Signaling Pathways. J. Neurosci. Res. 2009, 87, 3306–3319, doi:10.1002/jnr.21943. 

237.  Narayanan, S.P.; Flores, A.I.; Wang, F.; Macklin, W.B. Akt Signals through the Mammalian Target of Rapamycin Pathway to 
Regulate CNS Myelination. J. Neurosci. 2009, 29, 6860–6870, doi:10.1523/JNEUROSCI.0232-09.2009. 

238.  Tyler, W.A.; Gangoli, N.; Gokina, P.; Kim, H.A.; Covey, M.; Levison, S.W.; Wood, T.L. Activation of the Mammalian Target of 
Rapamycin (MTOR) Is Essential for Oligodendrocyte Differentiation. J. Neurosci. 2009, 29, 6367–6378, 
doi:10.1523/JNEUROSCI.0234-09.2009. 

239.  Jung-Testas, I.; Renoir, M.; Bugnard, H.; Greene, G.L.; Baulieu, E.E. Demonstration of Steroid Hormone Receptors and Steroid 
Action in Primary Cultures of Rat Glial Cells. J. Steroid Biochem. Mol. Biol. 1992, 41, 621–631, doi:10.1016/0960-0760(92)90394-X. 

240.  Hirahara, Y.; Matsuda, K.I.; Liu, Y.F.; Yamada, H.; Kawata, M.; Boggs, J.M. 17β-Estradiol and 17α-Estradiol Induce Rapid 
Changes in Cytoskeletal Organization in Cultured Oligodendrocytes. Neuroscience 2013, 235, 187–199, 
doi:10.1016/j.neuroscience.2012.12.070. 

241.  Hanukoglu, I. Steroidogenic Enzymes: Structure, Function, and Role in Regulation of Steroid Hormone Biosynthesis. J. Steroid 
Biochem. Mol. Biol. 1992, 43, 779–804, doi:10.1016/0960-0760(92)90307-5. 

242.  Gonzalez, E.; Guengerich, F.P. Kinetic Processivity of the Two-Step Oxidations of Progesterone and Pregnenolone to Androgens 
by Human Cytochrome P450 17A1. J. Biol. Chem. 2017, 292, 13168–13185, doi:10.1074/jbc.M117.794917. 

243.  Oettel, M.; Mukhopadhyay, A.K. Progesterone: The Forgotten Hormone in Men? Aging Male 2004, 7, 236–257, 
doi:10.1080/13685530400004199. 

244.  Do Rego, J.L.; Seong, J.Y.; Burel, D.; Leprince, J.; Luu-The, V.; Tsutsui, K.; Tonon, M.C.; Pelletier, G.; Vaudry, H. Neurosteroid 
Biosynthesis: Enzymatic Pathways and Neuroendocrine Regulation by Neurotransmitters and Neuropeptides. Front. 
Neuroendocrinol. 2009, 30, 259–301, doi:10.1016/j.yfrne.2009.05.006. 

245.  Wirth, M. Beyond the HPA Axis: Progesterone-Derived Neuroactive Steroids in Human Stress and Emotion. Front. Endocrinol. 
2011, 2, 19, doi:10.3389/fendo.2011.00019. 

246.  Brinton, R.D.; Thompson, R.F.; Foy, M.R.; Baudry, M.; Wang, J.; Finch, C.E.; Morgan, T.E.; Pike, C.J.; Mack, W.J.; Stanczyk, F.Z.; 
et al. Progesterone Receptors: Form and Function in Brain. Front. Neuroendocrinol. 2008, 29, 313–339, 
doi:10.1016/j.yfrne.2008.02.001. 



Biomolecules 2021, 11, 283 34 of 36 
 

247.  Vegeto, E.; Shahbaz, M.M.; Wen, D.X.; Goldman, M.E.; O’Malley, B.W.; McDonnell, D.P. Human Progesterone Receptor A Form 
Is a Cell- and Promoter-Specific Repressor of Human Progesterone Receptor B Function. Mol. Endocrinol. Baltim. Md 1993, 7, 
1244–1255, doi:10.1210/mend.7.10.8264658. 

248.  Giangrande, P.H.; Pollio, G.; McDonnell, D.P. Mapping and Characterization of the Functional Domains Responsible for the 
Differential Activity of the A and B Isoforms of the Human Progesterone Receptor. J. Biol. Chem. 1997, 272, 32889–32900, 
doi:10.1074/jbc.272.52.32889. 

249.  Jung-Testas, I.; Renoir, J.M.; Gasc, J.M.; Baulieu, E.E. Estrogen-Inducible Progesterone Receptor in Primary Cultures of Rat Glial 
Cells. Exp. Cell Res. 1991, 193, 12–19, doi:10.1016/0014-4827(91)90532-Y. 

250.  Labombarda, F.; Guennoun, R.; Gonzalez, S.; Roig, P.; Lima, A.; Schumacher, M.; De Nicola, A.F. Immunocytochemical 
Evidence for a Progesterone Receptor in Neurons and Glial Cells of the Rat Spinal Cord. Neurosci. Lett. 2000, 288, 29–32, 
doi:10.1016/S0304-3940(00)01191-5. 

251.  Labombarda, F.; Meffre, D.; Delespierre, B.; Krivokapic-Blondiaux, S.; Chastre, A.; Thomas, P.; Pang, Y.; Lydon, J.P.; Gonzalez, 
S.L.; De Nicola, A.F.; et al. Membrane Progesterone Receptors Localization in the Mouse Spinal Cord. Neuroscience 2010, 166, 
94–106, doi:10.1016/j.neuroscience.2009.12.012. 

252.  Meffre, D.; Labombarda, F.; Delespierre, B.; Chastre, A.; De Nicola, A.F.; Stein, D.G.; Schumacher, M.; Guennoun, R. Distribution 
of Membrane Progesterone Receptor Alpha in the Male Mouse and Rat Brain and Its Regulation after Traumatic Brain Injury. 
Neuroscience 2013, 231, 111–124, doi:10.1016/j.neuroscience.2012.11.039. 

253.  Jung-Testas, I.; Zhong Yi Hu; Baulieu, E.E.; Robel, P. Steroid Synthesis in Rat Brain Cell Cultures. J. Steroid Biochem. 1989, 34, 
511–519, doi:10.1016/0022-4731(89)90136-2. 

254.  Chan, J.R.; Phillips, L.J.; Glaser, M. Glucocorticoids and Progestins Signal the Initiation and Enhance the Rate of Myelin 
Formation. Proc. Natl. Acad. Sci. USA 1998, 95, 10459–10464, doi:10.1073/pnas.95.18.10459. 

255.  Zwain, I.H.; Yen, S.S.C. Neurosteroidogenesis in Astrocytes, Oligodendrocytes, and Neurons of Cerebral Cortex of Rat Brain. 
Endocrinology 1999, 140, 3843–3852, doi:10.1210/endo.140.8.6907. 

256.  Gago, N.; Akwa, Y.; Sananès, N.; Guennoun, R.; Baulieu, E.E.; El-Etr, M.; Schumacher, M. Progesterone and the 
Oligodendroglial Lineage: Stage-Dependent Biosynthesis and Metabolism. Glia 2001, 36, 295–308, doi:10.1002/glia.1117. 

257.  Gago, N.; El-Etr, M.; Sananès, N.; Cadepond, F.; Samuel, D.; Avellana-Adalid, V.; Baron-Van Evercooren, A.; Schumacher, M. 
3α,5α-Tetrahydroprogesterone (Allopregnanolone) and γ-Aminobutyric Acid: Autocrine/Paracrine Interactions in the Control 
of Neonatal PSA-NCAM+ Progenitor Proliferation. J. Neurosci. Res. 2004, 78, 770–783, doi:10.1002/jnr.20348. 

258.  Melcangi, R.C.; Celotti, F.; Martini, L. Progesterone 5-Alpha-Reduction in Neuronal and in Different Types of Glial Cell 
Cultures: Type 1 and 2 Astrocytes and Oligodendrocytes. Brain Res. 1994, 639, 202–206, doi:10.1016/0006-8993(94)91731-0. 

259.  Jure, I.; De Nicola, A.F.; Labombarda, F. Progesterone Effects on Oligodendrocyte Differentiation in Injured Spinal Cord. Brain 
Res. 2019, 1708, 36–46, doi:10.1016/j.brainres.2018.12.005. 

260.  Wang, J.M.; Singh, C.; Liu, L.; Irwin, R.W.; Chen, S.; Chung, E.J.; Thompson, R.F.; Brinton, R.D. Allopregnanolone Reverses 
Neurogenic and Cognitive Deficits in Mouse Model of Alzheimer’s Disease. Proc. Natl. Acad. Sci. USA 2010, 107, 6498–6503, 
doi:10.1073/pnas.1001422107. 

261.  Wang, J.M.; Johnston, P.B.; Ball, B.G.; Brinton, R.D. The Neurosteroid Allopregnanolone Promotes Proliferation of Rodent and 
Human Neural Progenitor Cells and Regulates Cell-Cycle Gene and Protein Expression. J. Neurosci. 2005, 25, 4706–4718, 
doi:10.1523/JNEUROSCI.4520-04.2005. 

262.  Schumacher, M.; Hussain, R.; Gago, N.; Oudinet, J.P.; Mattern, C.; Ghoumari, A.M. Progesterone Synthesis in the Nervous 
System: Implications for Myelination and Myelin Repair. Front. Neurosci. 2012, 6, 1–22, doi:10.3389/fnins.2012.00010. 

263.  Ghoumari, A.M.; Ibanez, C.; El-Etr, M.; Leclerc, P.; Eychenne, B.; O’Malley, B.W.; Baulieu, E.E.; Schumacher, M. Progesterone 
and Its Metabolites Increase Myelin Basic Protein Expression in Organotypic Slice Cultures of Rat Cerebellum. J. Neurochem. 
2003, 86, 848–859, doi:10.1046/j.1471-4159.2003.01881.x. 

264.  Ghoumari, A.M.; Baulieu, E.E.; Schumacher, M. Progesterone Increases Oligodendroglial Cell Proliferation in Rat Cerebellar 
Slice Cultures. Neuroscience 2005, 135, 47–58, doi:10.1016/j.neuroscience.2005.05.023. 

265.  González-Orozco, J.C.; Moral-Morales, A.D.; Camacho-Arroyo, I. Progesterone through Progesterone Receptor B Isoform 
Promotes Rodent Embryonic oligodendrogenesis. Cells 2020, 9, doi:10.3390/cells9040960. 

266.  Baulieu, E.E.; Schumacher, M. Progesterone as a Neuroactive Neurosteroid, with Special Reference to the Effect of Progesterone 
on Myelination. Hum. Reprod. 2000, 15, 1–13, doi:10.1093/humrep/15.suppl_1.1. 

267.  Jung-Testas, I.; Schumacher, M.; Robel, P.; Baulieu, E.E. Actions of Steroid Hormones and Growth Factors on Glial Cells of the 
Central and Peripheral Nervous System. J. Steroid Biochem. Mol. Biol. 1994, 48, 145–154, doi:10.1016/0960-0760(94)90261-5. 

268.  Jung-Testas, I.; Schumacher, M.; Robel, P.; Baulieu, E.E. The Neurosteroid Progesterone Increases the Expression of Myelin 
Proteins (MBP and CNPase) in Rat Oligodendrocytes in Primary Culture. Cell. Mol. Neurobiol. 1996, 16, 439–443, 
doi:10.1007/BF02088110. 

269.  Bon-chu, C.; Meng-Chun, H. Androgen Biosynthesis And Degradation. In Androgens and Androgen Receptor: Mechanisms, 
Functions, and Clinical Applications; Chang, C., Ed.; Springer: Boston, MA, USA, 2002; pp. 1–15, ISBN 978-1-4615-1161-8. 

270.  Melcangi, R.C.; Celotti, F.; Ballabio, M.; Castano, P.; Poletti, A.; Milani, S.; Martini, L. Ontogenetic Development of the 5 Alpha-
Reductase in the Rat Brain: Cerebral Cortex, Hypothalamus, Purified Myelin and Isolated Oligodendrocytes. Brain Res. Dev. 
Brain Res. 1988, 44, 181–188, doi:10.1016/0165-3806(88)90216-7. 



Biomolecules 2021, 11, 283 35 of 36 
 

271.  Poletti, A.; Celotti, F.; Rumio, C.; Rabuffetti, M.; Martini, L. Identification of Type 1 5alpha-Reductase in Myelin Membranes of 
Male and Female Rat Brain. Mol. Cell. Endocrinol. 1997, 129, 181–190, doi:10.1016/s0303-7207(97)04056-2. 

272.  Edinger, K.L.; Frye, C.A. Androgens’ Effects to Enhance Learning May Be Mediated in Part through Actions at Estrogen 
Receptor-β in the Hippocampus. Neurobiol. Learn. Mem. 2007, 87, 78–85, doi:10.1016/j.nlm.2006.07.001. 

273.  Handa, R.J.; Pak, T.R.; Kudwa, A.E.; Lund, T.D.; Hinds, L. An Alternate Pathway for Androgen Regulation of Brain Function: 
Activation of Estrogen Receptor Beta by the Metabolite of Dihydrotestosterone, 5α-Androstane 3β, 17β Diol. Horm. Behav. 2008, 
53, 741–752, doi:10.1016/j.yhbeh.2007.09.012. 

274.  Handelsman, D.J. Androgen Physiology, Pharmacology, Use and Misuse. In Endotext; Feingold, K.R., Anawalt, B., Boyce, A., 
Chrousos, G., de Herder, W.W., Dungan, K., Grossman, A., Hershman, J.M., Hofland, J., et al., Eds.; MDText.com, Inc.: South 
Dartmouth, MA, USA, 2000. 

275.  Hiort, O. The Differential Role of Androgens in Early Human Sex Development. BMC Med. 2013, 11, 152, doi:10.1186/1741-7015-
11-152. 

276.  Hiort, O. Androgens and Puberty. Best Pract. Res. Clin. Endocrinol. Metab. 2002, 16, 31–41, doi:10.1053/beem.2002.0178. 
277.  Davey, R.A.; Grossmann, M. Androgen Receptor Structure, Function and Biology: From Bench to Bedside. Clin. Biochem. Rev. 

2016, 37, 3–15. 
278.  Foradori, C.D.; Weiser, M.J.; Handa, R.J. Non-Genomic Actions of Androgens. Front. Neuroendocrinol. 2008, 29, 169–181, 

doi:10.1016/j.yfrne.2007.10.005. 
279.  Leung, J.K.; Sadar, M.D. Non-Genomic Actions of the Androgen Receptor in Prostate Cancer. Front. Endocrinol. 2017, 8, 

doi:10.3389/fendo.2017.00002. 
280.  Lorenz, B.; Garcia-Segura, L.M.; DonCarlos, L.L. Cellular Phenotype of Androgen Receptor-Immunoreactive Nuclei in the 

Developing and Adult Rat Brain. J. Comp. Neurol. 2005, 492, 456–468, doi:10.1002/cne.20763. 
281.  Finley, S.K.; Kritzer, M.F. Immunoreactivity for Intracellular Androgen Receptors in Identified Subpopulations of Neurons, 

Astrocytes and Oligodendrocytes in Primate Prefrontal Cortex. J. Neurobiol. 1999, 40, 446–457, doi:10.1002/(SICI)1097-
4695(19990915)40:4<446::AID-NEU3>3.0.CO;2-J. 

282.  Abi Ghanem, C.; Degerny, C.; Hussain, R.; Liere, P.; Pianos, A.; Tourpin, S.; Habert, R.; Macklin, W.B.; Schumacher, M.; 
Ghoumari, A.M. Long-Lasting Masculinizing Effects of Postnatal Androgens on Myelin Governed by the Brain Androgen 
Receptor. PLoS Genet. 2017, 13, 1–26, doi:10.1371/journal.pgen.1007049. 

283.  Perrin, J.S.; Hervé, P.-Y.; Leonard, G.; Perron, M.; Pike, G.B.; Pitiot, A.; Richer, L.; Veillette, S.; Pausova, Z.; Paus, T. Growth of 
White Matter in the Adolescent Brain: Role of Testosterone and Androgen Receptor. J. Neurosci. 2008, 28, 9519–9524, 
doi:10.1523/JNEUROSCI.1212-08.2008. 

284.  Brännvall, K.; Bogdanovic, N.; Korhonen, L.; Lindholm, D. 19-Nortestosterone Influences Neural Stem Cell Proliferation and 
Neurogenesis in the Rat Brain. Eur. J. Neurosci. 2005, 21, 871–878, doi:10.1111/j.1460-9568.2005.03942.x. 

285.  Quartier, A.; Chatrousse, L.; Redin, C.; Keime, C.; Haumesser, N.; Maglott-Roth, A.; Brino, L.; Le Gras, S.; Benchoua, A.; Mandel, 
J.-L.; et al. Genes and Pathways Regulated by Androgens in Human Neural Cells, Potential Candidates for the Male Excess in 
Autism Spectrum Disorder. Biol. Psychiatry 2018, 84, 239–252, doi:10.1016/j.biopsych.2018.01.002. 

286.  Ransome, M.I.; Boon, W.C. Testosterone-Induced Adult Neurosphere Growth Is Mediated by Sexually-Dimorphic Aromatase 
Expression. Front. Cell. Neurosci. 2015, 9, doi:10.3389/fncel.2015.00253. 

287.  Caruso, A.; Gerevini, V.D.G.; Castiglione, M.; Marinelli, F.; Tomassini, V.; Pozzilli, C.; Caricasole, A.; Bruno, V.; Caciagli, F.; 
Moretti, A.; et al. Testosterone Amplifies Excitotoxic Damage of Cultured Oligodendrocytes. J. Neurochem. 2004, 88, 1179–1185, 
doi:10.1046/j.1471-4159.2004.02284.x. 

288.  Yuan, H.; Xu, S.; Wang, Y.; Xu, H.; Wang, C.; Zhu, Q.; Yang, R.K.; Chen, X.; Yang, P.C.; Shi, X. Corticotrophin-Releasing 
Hormone (CRH) Facilitates Axon Outgrowth. Spinal Cord 2010, 48, 850–856, doi:10.1038/sc.2010.47. 

289.  Calzà, L.; Giardino, L.; Pozza, M.; Micera, A.; Aloe, L. Time-Course Changes of Nerve Growth Factor, Corticotropin-Releasing 
Hormone, and Nitric Oxide Synthase Isoforms and Their Possible Role in the Development of Inflammatory Response in 
Experimental Allergic Encephalomyelitis. Proc. Natl. Acad. Sci. USA 1997, 94, 3368–3373, doi:10.1073/pnas.94.7.3368. 

290.  Wiemelt, A.P.; Lehtinen, M.; McMorris, F.A. Agonists Calcitonin, Corticotropin-Releasing Hormone, and Vasoactive Intestinal 
Peptide, but Not Prostaglandins or Beta-Adrenergic Agonists, Elevate Cyclic Adenosine Monophosphate Levels in 
Oligodendroglial Cells. J. Neurosci. Res. 2001, 65, 165–172, doi:10.1002/jnr.1139. 

291.  Khorchid, A.; Cui, Q.; Molina-Holgado, E.; Almazan, G. Developmental Regulation of Α1A-Adrenoceptor Function in Rat Brain 
Oligodendrocyte Cultures. Neuropharmacology 2002, 42, 685–696, doi:10.1016/S0028-3908(02)00013-8. 

292.  Papay, R.; Gaivin, R.; McCune, D.F.; Rorabaugh, B.R.; Macklin, W.B.; McGrath, J.C.; Perez, D.M. Mouse Α1B-Adrenergic 
Receptor Is Expressed in Neurons and NG2 Oligodendrocytes. J. Comp. Neurol. 2004, 478, 1–10, doi:10.1002/cne.20215. 

293.  Ventimiglia, R.; Greene, M.I.; Geller, H.M. Localization of Beta-Adrenergic Receptors on Differentiated Cells of the Central 
Nervous System in Culture. Proc. Natl. Acad. Sci. USA 1987, 84, 5073–5077, doi:10.1073/pnas.84.14.5073. 

294.  Ghiani, C.A.; Eisen, A.M.; Yuan, X.; DePinho, R.A.; McBain, C.J.; Gallo, V. Neurotransmitter Receptor Activation Triggers 
P27(Kip1)and P21(CIP1) Accumulation and G1 Cell Cycle Arrest in Oligodendrocyte Progenitors. Development 1999, 126, 1077–
1090. 

295.  Iwasaki, M.; Akiba, Y.; Kaunitz, J.D. Recent Advances in Vasoactive Intestinal Peptide Physiology and Pathophysiology: Focus 
on the Gastrointestinal System. F1000Research 2019, 8, 1629, doi:10.12688/f1000research.18039.1. 



Biomolecules 2021, 11, 283 36 of 36 
 

296.  Vaudry, D.; Falluel-Morel, A.; Bourgault, S.; Basille, M.; Burel, D.; Wurtz, O.; Fournier, A.; Chow, B.K.C.; Hashimoto, H.; Galas, 
L.; et al. Pituitary Adenylate Cyclase-Activating Polypeptide and Its Receptors: 20 Years after the Discovery. Pharmacol. Rev. 
2009, 61, 283–357, doi:10.1124/pr.109.001370. 

297.  Vaudry, D.; Gonzalez, B.J.; Basille, M.; Yon, L.; Fournier, A.; Vaudry, H. Pituitary Adenylate Cyclase-Activating Polypeptide 
and Its Receptors: From Structure to Functions. Pharmacol. Rev. 2000, 52, 269–324. 

298.  Joo, K.M.; Chung, Y.H.; Kim, M.K.; Nam, R.H.; Lee, B.L.; Lee, K.H.; Cha, C.I. Distribution of Vasoactive Intestinal Peptide and 
Pituitary Adenylate Cyclase-Activating Polypeptide Receptors (VPAC1, VPAC2, and PAC1 Receptor) in the Rat Brain. J. Comp. 
Neurol. 2004, 476, 388–413, doi:10.1002/cne.20231. 

299.  Lee, M.; Lelièvre, V.; Zhao, P.; Torres, M.; Rodriguez, W.; Byun, J.-Y.; Doshi, S.; Ioffe, Y.; Gupta, G.; de los Monteros, A.E.; et al. 
Pituitary Adenylyl Cyclase-Activating Polypeptide Stimulates DNA Synthesis But Delays Maturation of Oligodendrocyte 
Progenitors. J. Neurosci. 2001, 21, 3849–3859, doi:10.1523/JNEUROSCI.21-11-03849.2001. 

300.  Vincze, A.; Reglodi, D.; Helyes, Z.; Hashimoto, H.; Shintani, N.; Abrahám, H. Role of Endogenous Pituitary Adenylate Cyclase 
Activating Polypeptide (PACAP) in Myelination of the Rodent Brain: Lessons from PACAP-Deficient Mice. Int. J. Dev. Neurosci. 
Off. J. Int. Soc. Dev. Neurosci. 2011, 29, 923–935, doi:10.1016/j.ijdevneu.2011.06.008. 

301.  Wilber, J.F.; Utiger, R.D. The Effect of Glucocorticoids on Thyrotropin Secretion. J. Clin. Invest. 1969, 48, 2096–2103, 
doi:10.1172/JCI106176. 

302.  Nicoloff, J.T.; Fisher, D.A.; Appleman, M.D. The Role of Glucocorticoids in the Regulation of Thyroid Function in Man. J. Clin. 
Invest. 1970, 49, 1922–1929, doi:10.1172/JCI106411. 

303.  Elder, D.A.; Karayal, A.F.; D’Ercole, A.J.; Calikoglu, A.S. Effects of Hypothyroidism on Insulin-like Growth Factor-I Expression 
during Brain Development in Mice. Neurosci. Lett. 2000, 293, 99–102, doi:10.1016/S0304-3940(00)01508-1. 

304.  Ibarrola, N.; Mayer-Pröschel, M.; Rodriguez-Peña, A.; Noble, M. Evidence for the Existence of at Least Two Timing Mechanisms 
That Contribute to Oligodendrocyte Generationin Vitro. Dev. Biol. 1996, 180, 1–21, doi:10.1006/dbio.1996.0280. 

305.  Miell, J.P.; Taylor, A.M.; Zini, M.; Maheshwari, H.G.; Ross, R.J.; Valcavi, R. Effects of Hypothyroidism and Hyperthyroidism on 
Insulin-like Growth Factors (IGFs) and Growth Hormone- and IGF-Binding Proteins. J. Clin. Endocrinol. Metab. 1993, 76, 950–
955, doi:10.1210/jcem.76.4.7682563. 

306.  McCallum-Loudeac, J.; Anderson, G.; Wilson, M.J. Age and Sex-Related Changes to Gene Expression in the Mouse Spinal Cord. 
J. Mol. Neurosci. 2019, 69, 419–432, doi:10.1007/s12031-019-01371-3. 

 


