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Abstract: The subventricular zone (SVZ) is the largest and most active germinal zone in the adult
forebrain. Neural stem cells (NSCs) of the SVZ generate olfactory interneurons throughout life and
retain the intrinsic ability to generate oligodendrocytes (OLs), the myelinating cells of the central
nervous system. OLs and myelin are targets in demyelinating diseases such as multiple sclerosis
(MS). Remyelination is dependent on the ability of oligodendrocyte progenitor cells (OPCs) to
proliferate, migrate, and terminally differentiate into myelinating OLs. During aging, there is a
gradual decrease in the regenerative capacity of OPCs, and the consequent loss of OLs and myelin is
a contributing factor in cognitive decline and the failure of remyelination in MS and other pathologies
with aging contexts, including Alzheimer’s disease (AD) and stroke. The age-related decrease in
oligodendrogenesis has not been fully characterised but is known to reflect changes in intrinsic and
environmental factors affecting the ability of OPCs to respond to pro-differentiation stimuli. Notably,
SVZ-derived OPCs are an important source of remyelinating OLs in addition to parenchymal OPCs.
In this mini-review, we briefly discuss differences between SVZ-derived and parenchymal OPCs in
their responses to demyelination and highlight challenges associated with their study in vivo and
how they can be targeted for regenerative therapies in the aged brain.
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1. CNS (re)Myelination Efficiency Declines Significantly with Age

In the central nervous system (CNS), oligodendrocytes (OLs) enable rapid axonal
conduction of electrical impulses by producing myelin, a lipid-rich membrane that acts
as an axonal insulator and contributes to their metabolic support [1]. In both mice and
humans, the bulk of oligodendrogenesis and thus myelin deposition takes place by oligo-
dendrocyte progenitor cells (OPCs) during adolescence and young adulthood, but the
addition of newly generated OLs and myelin replenishment are life-long processes [2]. Im-
portantly, OPCs persist throughout the parenchyma of the adult brain and spinal cord and
are committed to the life-long generation of OLs, which is a dynamic process that can be
modulated to meet local requirements, such as myelin remodelling in response to changes
in neuronal activity or myelin loss due to pathology (reviewed extensively elsewhere,
for example [3]). By a process of self-replication, OPCs generate OLs by differentiation
along the lineage whilst maintaining a relatively stable population of slowly proliferating
parenchymal OPCs [4–6]. Compensatory OPC proliferation and differentiation are rapidly
induced in response to loss of oligodendroglial lineage cells, ensuring both OPC population
homeostasis and myelin repair. However, despite relatively stable densities of parenchymal
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OPCs, oligodendrogenesis declines with age, at least in part due to decreasing respon-
siveness to pro-differentiation signals [3,7,8]. Other physiological functions of OPCs also
undergo age-related deterioration, such as the regulation of neurotransmission [9,10] and
potentially the maintenance of homeostatic microglial phenotypes [11]. The reduced ability
of aged OPCs to respond to and compensate for myelin loss results in the ultimate failure of
effective remyelination, as observed in relapse-remitting multiple sclerosis (MS), which is
characterised by efficient remyelination (remittance) in younger individuals, and very often
secondary progressive MS at later stages of the disease. Notably, there is accumulating
evidence that OPCs derived from neural stem cells (NSCs) of the subventricular zone (SVZ)
play a major role in replenishing parenchymal OPCs and supporting myelin repair in the
forebrain. In this mini-review, we highlight how the SVZ can be targeted therapeutically to
stimulate OPC recruitment and promote remyelination in the aging brain.

2. Oligodendrogenesis in the SVZ Is Spatially and Temporally Conserved
across Species

The majority of OLs found in the adult mouse forebrain originate postnatally from
neural stem cells (NSCs) that reside in the subventricular zone (SVZ), via a defined series
of differentiation steps (see reviews [12,13] (Figure 1A,B)), and it is established that the
early postnatal period is critical for OL specification and myelination [14–16]. Notably, the
murine SVZ is spatially heterogeneous and contains specific microdomains of NSCs that
are biased to give rise to defined lineages, depending on intrinsic and extrinsic factors, with
OPCs being derived primarily from NSCs located in the dorsal SVZ [17,18]. Importantly,
studies performed by Zecevic and co-workers have demonstrated an equivalent spatial
organisation of human SVZ-NSCs during early development, where oligodendrogenesis
emerges largely from more dorsal NSC subpopulations [19,20]. More recent studies have
confirmed these findings in primates, guided by the expression of pallial transcriptional
cues in NSCs such as Hopx [21], and humans, where radial glia switch developmentally
from neurogenesis to oligodendrogenesis [22]. Thus, it is apparent that SVZ microdomains
observed in the mouse are representative of species with more complex brain architectures,
including humans [19,20,23]. This organisation persists after postnatal development and
is important for adult OL regeneration [24–28]. Single-cell RNA sequencing (ScRNA-seq),
coupled with long-term genetic fate mapping approaches, have characterised NSCs residing
within the most lateral and ventral aspects of the rodent SVZ and show that they become
increasingly quiescent during aging [29–32]. Analyses of aged dorsal NSCs at the single-cell
RNA level are still lacking, but meta-analyses of published datasets support their life-long
persistence and indicate they are largely quiescent under physiological conditions but
can be stimulated in pathological contexts [32,33]. In humans, NSCs identified by their
expression of β4 tubulin persist after postnatal development in all domains of the SVZ and,
although they do not express most markers that are used to identify rodent NSCs, human
NSCs do however appear to express GFAP-delta and cell surface receptors responsive
to FGF2 and EGF, as in rodent NSCs [34–36]. Moreover, a recent elegant ScRNA-seq
study using the broad progenitor marker CD271 demonstrated NSCs persist in the human
dorsal SVZ of healthy individuals aged between 72 and 96 years [37]. Meta-analysis and
integration with single cell datasets of human oligodendroglia [38], revealed that these
dorsal SVZ-derived NSCs have a pro-oligodendroglial phenotype.
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Figure 1. Forebrain oligodendrogenesis and remyelination efficiencies in young versus aged 
adults. (A) Coronal brain section counterstained for nuclei; the corpus callosum is evident as light 
grey, and the SVZ zones and other regions of interest are indicated. The dorsoventral gradient of 
oligodendrogenesis in the SVZ is illustrated; OPCs are generated primarily from NSCs in the 
dorsal microdomain, and at lower rates in the most ventral regions of the SVZ. This preferential 

Figure 1. Forebrain oligodendrogenesis and remyelination efficiencies in young versus aged adults.
(A) Coronal brain section counterstained for nuclei; the corpus callosum is evident as light grey, and the
SVZ zones and other regions of interest are indicated. The dorsoventral gradient of oligodendrogenesis
in the SVZ is illustrated; OPCs are generated primarily from NSCs in the dorsal microdomain, and at
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lower rates in the most ventral regions of the SVZ. This preferential generation of OLs from the
dorsal SVZ persists in adulthood and is increased following demyelination. (B) During postnatal
development, the majority of OLs in the dorsal forebrain are derived from NSC located in the dorsal
SVZ that progress through a number of distinct differentiation stages in response to intrinsic and
extrinsic cues (see (E) for explanations of pictograms of the differentiation stages): quiescent NSCs
have small nuclei and in response to appropriate stimuli can transform into activated NSCs that
have larger nuclei; activated NSCs generate transiently amplifying progenitors (TAPs), which is a
pre-OPC stage that gives rise to migratory and proliferative OPCs with a simple processing-bearing
morphology; OPCs migrate to their final sites, where they undergo self-replication and generate
newly formed (NF)OLs, which have a complex process-bearing morphology and are non-proliferative;
NFOLs differentiate into mature myelinating (M)OLs; slowly proliferating parenchymal OPCs with a
highly complex ramified morphology persist after the main developmental period of myelination.
(C) In young adults, demyelinating insults trigger efficient remyelination by parenchymal OPCs
that are located at or near to the lesion site. Additionally, morphologically simpler and highly
migratory OPCs are recruited from dorsal NSCs of the SVZ to replenish parenchymal OPCs and
contribute to remyelination. (D) The aged brain is characterised by inefficient regeneration of
MOLs both from parenchymal and SVZ-derived OPCs, resulting in impaired remyelination; in the
aged SVZ, dorsal NSCs are able to regenerate NFOLs, but these fail to progress into remyelinating
MOLs, suggesting a deficiency of appropriate extrinsic stimuli (indicated by ‘?’). (E) Identifying the
transcriptional networks that regulate each stage of oligodendrogenesis from dorsal NSCs will enable
the development of targeted therapies that rejuvenate aged NSCs and stimulate replenishment of
OPCs to promote remyelination and repair in the aged brain. Abbreviations: NSC = neural stem cell;
TAPs = transiently amplifying progenitors (pre-OPC stage); OPC = oligodendrocyte precursor cell;
NFOL = non-myelin forming oligodendrocyte; MOL = mature oligodendrocyte.

The causes of age-related quiescence of SVZ-NSC and their progeny are unresolved,
but there is evidence of an important role for canonical Wnt signalling, which maintains
the dorsal identity of the SVZ throughout life in the mammalian brain (reviewed in [12]).
The aged SVZ expresses the inhibitory ligands secreted frizzled-related proteins (SFRPs),
which are potent inhibitors of the canonical Wnt pathway and limit both neurogenesis and
oligodendrogenesis [32,38]. Attenuation of SFRPs in human IPSCs lines [38] and mouse
models of demyelination [39] corroborate that repression of canonical Wnt signalling is
an important factor in driving SVZ-NSCs and their progeny towards oligodendrogenesis.
These studies amongst others confirm that life-long oligodendrogenesis occurs in the
human SVZ, but progress in our understanding of these processes has been limited by
several challenges, not least the difficulty of systematic sampling of human tissue due to
the large area to cover and the challenge of assessing current gold-standard markers with
high confidence on preserved human tissue. Furthermore, as noted above, the antigenicity
of human and rodent SVZ-derived NSC differs considerably, and defined markers that
distinguish human NSC from astrocytic lineages are required to enable accurate studies of
human populations in the context of brain aging, disease, and trauma.

3. Recruitment of SVZ NSCs for Oligodendroglial Replacement

Following myelin loss in the rodent CNS, it has been demonstrated that OPCs located
within and adjacent to demyelinated lesions proliferate, migrate, and differentiate into
remyelinating OLs [13,40]. This process is pronounced and efficient in early disease stages
and in young adults (Figure 1C). OLs that persist within demyelinated lesions are also
capable of remyelination [41–44] (reviewed in detail elsewhere, see, for example, [40]).
Studies using 14C levels in humans concluded that surviving OLs rather than OPCs play
the major role in remyelination in MS [41,42], except in very aggressive forms of the
disease where OPCs are more important [45]. Our understanding of these processes comes
from studies in rodent models, and fate-mapping studies demonstrate unequivocally
that remyelination in the adult brain is from both parenchymal and SVZ-derived OPCs.
However, in older rodents, recruitment of OPCs and their differentiation into MOLs is
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incomplete, involving multiple processes [7,9,46,47]. The ultimate failure of remyelination
coupled to continuous loss of myelin with time is the basis of progressive disability in
MS patients [41–43]. Consistent with this, studies of human post-mortem tissue have
shown that OPCs are present in active and remyelinating lesions, and that they are stunted
in chronic lesions. Thus, there is a clear and unmet need to develop new therapies to
rejuvenate OPCs and stimulate remyelination in the aged brain at later stages of MS.

4. Utilising Mouse Modes of Demyelination with Greater Relevancy to Human MS

Our own recent observations, together with key studies by others, indicate that de-
myelination in mice aged from around 6 months of age provides a reasonable model
of human aging, since the pace and extent of remyelination via SVZ-NSCs or parenchy-
mal OPCs is already significantly reduced at this age compared to younger mice (see
references [46,48] and thoroughly reviewed in [40]). Interestingly, this decline parallels a
similar decrease in olfactory bulb neurogenesis, suggesting a progressive depletion of NSC
or their entrance into a “deep-state” quiescence, whereby they are no longer committed
to active or proliferative states [29,32]. How the decline in neurogenesis of the aging SVZ
applies to the oligodendrogenic dorsal domains of the SVZ remains unclear. Interestingly,
the transcriptomes of quiescent NSCs of 2-month-old versus 22-month-old mice are re-
markably similar for at least lateral wall NSCs, with most transcriptional changes being
observed in subpopulations of active NSCs [31,32]. We know from our own studies that
the dorsal wall enters quiescence relatively early in adulthood at around 4 months of age,
unlike the lateral wall, which retains a basal level of NSC activation long into aging [24,30].
Nevertheless, at least in the healthy brain, and as discussed below, quiescent dorsal NSCs
can be reactivated by stimulating appropriate signalling pathways, which are abundant
during postnatal development, resulting in dramatic oligodendrogenesis [24], suggestive
of context-dependent plasticity.

Interestingly, distinct adult SVZ domains can be distinguished based on their age-
associated response to demyelinating lesions [48–50]. Whilst oligodendrogenesis and
remyelination lead to nearly complete myelin restoration in younger mice, from 6 months
of age, there appears to be an age-related impairment in the generation of remyelinating
OLs, despite large increases in all stages of the OL lineage up to the non-myelin-forming
OLs (NFOL) stage [48–52]. In addition, NFOL differentiation from parenchymal OPCs
during remyelination is decreased in mice beyond 6 month compared to NFOLs that were
derived from dorsal NSCs [48] (see also Figure 1D). These findings underline that whilst
NFOLs can be formed (Figure 1D), their differentiation into MOLs is impaired, which
may reflect age-associated environmental conditions that are unfavourable to terminal
differentiation and/or myelination. In contrast to neurogenesis (see for example, [31,32]),
the nature of the age-related heterogeneity in the environmental factors and intracellular
programs for OL lineage cells are currently poorly defined. It is anticipated that new studies
in the field will shed light on the intrinsic temporal differences in oligodendrogenesis.

In the EAE (experimental autoimmune encephalomyelitis) mouse preclinical model of
chronic demyelination provoked by inflammation, studies focusing on NSCs have been
reliant on histological readouts rather than genetic fate-mapping. By virtue of reaching
the chronic phase of disease (achieved after 2 months of EAE treatment beginning in the
second or third month of life), treated mice are already at the onset of aging. In the few
studies examining the SVZ in chronic EAE conditions, inflammation (namely, inhibitory
cytokines and chemokines) drastically restricts the oligodendrogenic capacity of NSCs,
although this is apparently readily reversed by anti-inflammatory compounds, facilitating
regeneration [53–55]. The impact of chronic EAE on the SVZ has been examined on lateral
and ventral SVZ NSCs, but it remains to be determined if, and to what degree, the reported
findings apply to the dorsal SVZ. As described above, a recent finding from toxin models
of demyelination in both younger and older mice reveal a greater efficiency for terminal
OL differentiation among dorsal [48] versus parenchymal OPCs [48,49,51] (Figure 1E). Our
own recent investigations into the age-related dysfunction of OPCs revealed transcriptional
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correlates of age-related changes in remyelinating potential [46]. Importantly, pharma-
cogenomic approaches can guide the therapeutic amelioration of this defect, inducing
developmental transcriptional states associated with improved progression to remyelinat-
ing OLs [46,56]. Our findings strongly support the ability of sequential strategies, aimed
first at “rejuvenating” aged OPCs, followed by additional stimuli for targeting downstream
networks in terminally differentiated OLs to promote a robust remyelination response in
the aged brain. These findings imply that the remyelination capacity of activated NSCs
could be improved with a single exogenous stimulus (Figure 1E), while parenchymal OPCs
may require more complex multi-therapeutic strategies, which could be more costly to
develop and challenging to apply clinically. It is clear from the above studies that analysis
of demyelination beyond younger adult ages (2–3 months) is required to provide important
insights into later stages of MS in humans.

5. Intrinsic Differences in Remyelinating Pools

While environmental factors are likely to differ dramatically between younger and
older mice, an additional issue of interest is that of potential intrinsic differences between
resident OPCs and those generated from SVZ NSCs [48,49]. A key earlier study described
how OPCs generated from NSCs migrate at a faster rate than parenchymal OPCs [57]. In
addition, in vitro observations from 8-month-old mice brains show that OPCs derived from
the dorsal SVZ exhibit enhanced migration compared to their ventral counterparts [48]. An-
other intriguing observation from fate-mapping studies in young adult mice demonstrated
that following demyelination the g-ratios (indicative of myelin quantity per OL-axon unit)
are better restored from OLs that were derived from NSCs (Nestin-CreERT2 fate map-
ping) compared to those generated via OPCs (Pdgfra-CreERT2 fate mapping) [49]. Thus,
parenchymal OPCs and NSC-derived OPCs may have intrinsic differences in their differ-
entiation potentials and responses to environmental factors. Further studies are required
using SVZ-microdomain-specific Cre drivers to determine whether this holds true in aging
mice. A recent transcriptomic analysis has characterised the changes between SVZ-derived
Ascl+ pre-OPCs (also known as transiently amplifying progenitors (TAPs)) through to OPC
stages in young adult mice [51], but the molecular basis of differences between SVZ-derived
OPCs and parenchymal OPCs remains unclear. Specific lineage sampling approaches and
ScRNA-seq profiling will be necessary to deepen our understanding of heterogeneity within
the oligodendroglial lineage.

6. Summary and Outlook

In summary, OL differentiation via parenchymal OPCs is limited in the aged brain,
and insights gained from comparative molecular profiling of OL lineage cells across ages
indicate that these limitations can be circumvented by age- and stage-specific strategies to
rejuvenate oligodendrogenesis. Furthermore, the possibility of greater oligodendrogenic
potential of NSC-derived OPCs compared to parenchymal OPCs, in both aged and demyeli-
nated settings, may be crucial to identify pharmacological strategies to either specifically
boost oligodendrogenesis from the SVZ, or to endow parenchymal OPCs with attributes
typical of their SVZ-derived counterparts (Figure 1E). In this respect, pharmacogenomic
screening procedures are a powerful tool for identifying the most potent therapeutic agents
and establishing optimal in vivo dosages [24,46,56,58]. As a next step to design more ef-
fective therapeutic strategies, high-throughput “omics” experiments and 3-dimensional
ex vivo human SVZ models are needed. The presence of early glial progenitors in the
aged human SVZ has been demonstrated in the healthy brain [38] and in a number of
disease conditions, including MS [34,55,59], AD [60], and Parkinson’s disease (PD) [37].
Earlier studies using a limited set of SVZ-NSC markers in post-mortem tissue from human
MS patients [34,55,59] clearly underline the complexities associated with their detection.
A recent study by Donega and co-workers used the surface marker CD271 for isolating
several thousand SVZ progenitors from control and PD patients [37], and a similar strategy
could be used to isolate and sequence microdomain specific cells from the human SVZ
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from control and MS patients, perhaps by combining a surface marker such as CD271 with
other markers to enrich specifically for NSCs, whilst also capturing additional cell types
present in the niche. These experiments, combined with the results of recent landmark
studies [41,42], can help unravel how individual stages of the OL lineage may be affected
by age, depending on their origins (NSCs vs. parenchymal OPCs). Future studies to test
rejuvenating therapies in human SVZ will require the development of suitable complex
three-dimensional ex vivo models, for example, using hiPSC-derived organoids capable of
replicating the structure and function of the adult human SVZ and adjacent white matter. In
this regard, the advent of “myelinoids”, which to date best resemble the 3D topographical
features of human white matter [61], and addition of an adjoining “germinal niche” would
be of considerable benefit for devising NSC-directed therapies. In conclusion, our studies
demonstrate that it is possible to control the fate of SVZ-derived NSCs in the mouse and
identify novel therapeutics that promote remyelination in aging contexts, which is highly
relevant to MS and other diseases.
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