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Degeneration or damage of neuronal circuits in the central nervous system can lead 
to an irreversible loss of neurons and function in the affected brain region. Neuronal 
transplantation is a promising therapeutic approach consisting of introducing 
healthy cells into the damaged or diseased regions to restore lost circuits. To 
achieve successful neuronal transplantation, proper integration of the graft in the 
host circuitry is necessary. This includes the restoration of connectivity as well 
as the recapitulation of the physiological characteristics of the lost endogenous 
neurons. An often-overlooked aspect to assess the integration of transplanted 
neurons is the acquisition of cell-extrinsic features, such as myelination. This 
review explores the interaction between transplanted cells and endogenous 
oligodendroglia, the evidence of myelination in different neuronal transplantation 
models, and the checkpoints that can influence graft myelination in the injured or 
diseased brain. Additionally, it discusses how appropriate myelin ensheathment 
could help overcome some challenges faced in the field of neuronal replacement.
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1 Introduction

A range of neurological conditions, including traumatic brain injury (TBI), stroke, and 
neurodegenerative disorders, result in irreversible loss of neurons and axonal demyelination, 
both of which contribute to impaired brain function. The idea of replacing these lost cells with 
exogenous neurons or neuronal progenitors to restore brain function dates back to the early 
decades of the last century and has been developed through extensive research and clinical 
trials reviewed elsewhere (Parmar and Falk, 2025; Harary et  al., 2023; Yamanaka, 2020; 
Björklund and Parmar, 2020; Grade and Götz, 2017). The neuronal transplantation field has 
explored a number of donor cell sources that are directly delivered into the injured or diseased 
area. These include fetal neurons (Barker et al., 2013), embryonic-derived neural stem cells 
(eNSCs) (Uchida et al., 2000; Ourednik et al., 2002; Tamaki et al., 2002), embryonic stem cells 
(ESCs) (Thomson et al., 1998), and more recently, induced pluripotent stem cells (iPSCs)-
derived neurons (Takahashi and Yamanaka, 2006; Yamanaka, 2020). While each of these 
exogenous sources offers distinct advantages (see section 4.2.1), they all encounter the 
significant challenge of integrating into highly complex adult neuronal networks, which have 
been meticulously refined during development and are functioning under the straining 
conditions imposed by neurodegeneration and/or disease at the time of the intervention. The 
complexity of this process partly explains the variable outcomes that neuronal transplantation 
studies have encounter in laboratory and clinical trials (Kirkeby et al., 2025). Therefore, in 
addition to studying the properties and manufacturing of the donor cells, the field is allocating 
more efforts towards understanding the interactions between the newcomer cells and the host 
environment: how the transplanted neurons (tNs) can survive and develop within adult 
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circuits devoid of developmental cues, how the different disease and 
injury environments can shape the tNs integration, and in turn how 
the environment is reciprocally influenced by the graft. In this review 
we focus on the interaction between tNs and endogenous glia, with 
particular attention to the oligodendrocyte lineage cells (OLs). 
We review the extent to which myelination of tNs is attained, the 
checkpoints in different host environments that could influence OLs 
interaction with tNs, and how focusing on the myelination of repaired 
circuits could improve the outcome of neuronal replacement.

2 Myelination and remyelination in 
axonal regeneration

To attain proper functional and structural integration, tNs must 
recapitulate both cell-intrinsic and cell-extrinsic aspects of the 
endogenous circuits, which requires tNs to interact with the 
surrounding endogenous neurons and glial cells. Analyzing circuit 
integration using neuronal tracing techniques, including the gold-
standard rabies virus (RABV) tracing, has become a key method for 
understanding interactions between tNs and endogenous neurons 
(Grade and Götz, 2017). By mapping the input connections to tNs, 
several studies have revealed how significantly different host 
environments can influence graft integration and survival (Grealish 
et al., 2014; Falkner et al., 2016; Adler et al., 2017; Cardoso et al., 2018; 
Palma-Tortosa et al., 2020; Besusso et al., 2020; Grade et al., 2022; 
Thomas et al., 2022). Nevertheless, tN-endogenous glia interactions, 
and in particular oligodendroglia, remain largely understudied and 
constitute a crucial hurdle to graft integration.

OLs are responsible for myelinating axons in the central nervous 
system (CNS) and offer crucial metabolic support to their associated 
axons, a role that evolved prior to the development of myelin in 
vertebrates and has been conserved throughout evolution (Simons 
et  al., 2024). Myelination establishment involves several highly 
regulated stages that include the specification of oligodendrocyte 
precursor cells (OPCs), their migration to target areas, and their 
terminal differentiation into mature myelin-forming OLs (Bergles and 
Richardson, 2016). Newly differentiated OLs extend their processes 
and quickly rearrange their membranes to generate internodes around 
multiple axons through a series of coordinated steps that include: (1) 
identification and signaling with the target axons, (2) axonal wrapping 
with membrane outgrowth, (3) transporting membrane components, 
(4) compacting myelin sheaths, and (5) node establishment (Simons 
et al., 2024). After this highly dynamic phase, both OLs and internodes 
become stabilized and mostly persist throughout their lifespan, albeit 
undergoing continual renewal of their membrane and structural 
remodeling (Osso and Hughes, 2024). Our understanding of the 
axonal cues that determine whether an axon will become myelinated 
remains limited (Simons and Lyons, 2013). The current model 
suggests that de novo myelination is regulated by a combination of 
pro-myelinating cues and the removal or absence of inhibitory cues 
(Redmond et al., 2016).

Both developmental myelination and adult remyelination aim to 
achieve the same fundamental goal: wrapping axons in myelin sheaths. 
Remyelination is the process by which myelin sheaths are restored 
following demyelination. Therefore, it may be hypothesized that these 
processes could utilize similar mechanisms, i.e., the “recapitulation 
hypothesis” of remyelination (Franklin and Hinks, 1999). While 

developmental myelination and remyelination follow parallel steps, 
including OPC proliferation, migration, and differentiation, the 
physiological conditions involved are abysmally different. Myelin 
regeneration faces several specific challenges including a highly 
inflammatory environment hostile for newly formed OPCs (discussed 
below) and the less plastic adult/aged OPCs. Nevertheless, in neuronal 
replacement and axonal regeneration, newly generated axons must 
signal the host environment to acquire de novo myelination in a 
pathological condition. Whether the mechanisms that play in these 
exceptional circumstances resemble more closely developmental or 
adult remyelination is poorly understood.

Studies on axonal regeneration upon injury have shown that 
myelination of new axons is required to establish functional 
connections, particularly if the axon was myelinated prior to injury 
(Bei et al., 2016; Alto et al., 2009; Marin et al., 2016; Wang et al., 2020). 
Importantly, the myelin ensheathment of new axons is not always 
induced and varies according to the injury environment and the 
treatment (Hilton and Bradke, 2017). For instance, Bei et al. (2016) 
have shown that newly regenerated axons from retinal ganglion cells 
(RGCs) are able to form adequately targeted synapses, however, as 
these new axons fail to myelinate, they do not conduct action 
potentials (APs) and fail to restore visual function. In the follow-up 
study, Wang et al. (2020) showed that upon optic nerve injury, OPCs 
fail to differentiate into mature myelinating OLs and the combined 
manipulation of the OPCs’ GPR17 signaling pathway and microglia 
led to extensive myelination of the regenerated axons. Similarly, Alto 
et  al. (2009) demonstrated that the expression of neurotrophin-3 
facilitates sensory axon regeneration and synapse formation, but the 
axons remain unmyelinated. In contrast, Marin et al. (2016) described 
that after Pten knockout, cAMP administration and inflammatory 
stimulation, regenerating RGC axons are myelinated and assemble 
nodes of Ranvier. Altogether, the myelin ensheathment of new axons 
is essential to attain a complete functional recovery and the set of 
signals that prompt this process remains to be fully elucidated.

3 Adult transplantation and evidence 
of myelination

The functionality of the connections established by neurons 
transplanted into the adult injured brain has been probed,  by methods 
including electrophysiology (Tornero et  al., 2017) and calcium 
imaging (Falkner et al., 2016). These studies have shown that, under 
certain injury conditions, tNs can develop appropriate receptive field 
properties, demonstrating functional characteristics comparable to 
those of endogenous neurons (Falkner et al., 2016). Moreover, studies 
using optogenetic and chemogenetic tools combined with behavioral 
analyses have shown that functional recovery is closely linked to tN 
activity (Steinbeck et al., 2015; Yu et al., 2019; Zhu et al., 2019; Palma-
Tortosa et al., 2020; Andreoli et al., 2020). While these functional 
outcomes suggest robust integration, a critical gap remains in knowing 
whether this is achieved by adequately myelinated tN-derived axons. 
Some studies have described axonal myelination of tNs through 
immunohistochemistry and electron microscopy (see Table 1), yet 
these findings often show a single example and lack quantitative 
analysis, as well as failing to show adequate co-localization when using 
light microscopy. Key questions, such as when and how these axons 
become myelinated, remain largely unanswered. In the following 
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TABLE 1  Summary of studies showing examples of myelinated tN axons (organized by region in chronological order).

Region Type of donor cells Model 
transplanted

Analysis 
timepoint

Type of myelination observed References

Basal 

ganglia

Fetal striatal graft (E14-E15 

rat embryos)

IBO in caudate-putamen 

adult rat

Transpant: 1–2 wpi

5–16 mpt (rat 

graft)

Single EM example of PHAL-traced striatopallidal tN 

axons myelinated

Wictorin et al. 

(1990)

Basal 

ganglia

Human fetal mesencephalic 

dopaminergic neurons

Clinical trial. PD patient 

transplant into putamen and 

caudate nucleus

11–16 ypt

One image of Luxol fast-blue staining at low 

magnification shows some neurons with myelin at the 

graft area. No individual axons shown. Not clear if host 

or tN axons are myelinated

Li et al. (2008)

Basal 

ganglia
Human fetal LGE cells

Clinical trial. HD patient 

transplant into putamen
10 ypt

One IHC image of MBP staining from the lesion/

transplant at low magnification shows focal MBP signal 

at the graft site

Keene et al. 

(2009)

Spinal 

cord

Human fetal-derived CNS 

stem cells grown as 

neurospheres (hCNS-SCns)

T9 contusion injury adult 

NOD-scid mice. Transplant: 

9 dpi (Cummings) and 30 

dpi (Salazar)

1 and 4 mpt

IHC for MBP and Caspr and immuno-EM detection of 

graft-derived OLs myelinating some host axons. Not 

clear if graft axons are also myelinated

Cummings et al. 

(2005) and 

Salazar et al. 

(2010)

Spinal 

cord

hESC-derived motor 

neurons and OPCs

T8 complete transection 

adult rat. Transplant: acute
4 mpt

One IHC micrograph shows a couple of tN NF70+ fibers 

surrounded by APC+ myelin signal

Erceg et al. 

(2010)

Spinal 

cord

MEF-derived iPS-secondary 

neurospheres (iPS-SNSs)

T10 contusion injury adult 

wt and shiverer mice. 

Transplant: 9 dpi

2 mpt

One image of Luxol fast-blue staining at low 

magnification for grafts in wt mice and IHC MBP+

EM for grafts in shiverer mice. Graft-derived OLs 

myelinating host axons. Not clear if graft axons are also 

myelinated

Tsuji et al. 

(2010)

Spinal 

cord

Fetal striatal NPCs (E14 

mouse embryos)

T10 contusion injury adult 

mice. Transplant: 9 dpi
6 wpt

IHC for MBP and immuno-EM detection of graft-

derived OLs myelinating host axons. Not clear if graft 

axons are also myelinated

Yasuda et al. 

(2011)

Spinal 

cord

Fetal spinal cord NPCs (E14 

Fischer 344 rat embryos) 

embedded into fibrin 

matrices containing a 

cocktail of growth factors

T3 complete transection, 

Fischer 344 adult rats. 

Transplant: 2 wpt

7 wpt

One example IHC for MAG and immune-EM detection 

of graft-derived GFP+ axons in host white matter 

myelinated by host OLs

Lu et al. (2012)

Spinal 

corda

Fetal spinal cord NPCs (E14 

rat embryos)

C5 hemisection adult rat. 

Transplant: 2 wpi
3 mpt

104 GFP+ axons examined via EM. 24% myelinated. IHC 

for APC showed host OL-driven myelination

Hunt et al. 

(2017)

Cortexa
Fetal motor cortex fragment 

(E14 mouse embryos)

Motor ctx aspiration adult 

mouse. Transplant: acute
2 mpt

Single IHC micrograph shows double labeling of several 

GFP+ tN axons with PLP in the cortex. Approximately 

~30% of GFP+ fibers were also PLP+ in the cortex and 

striatum. Variability between samples and how far this 

picture is from the transplant is not clear

Gaillard et al. 

(2007)

Cortex

Mouse ESCs-derived cortical 

cells with visual/occipital 

cortex identity

IBO in visual or motor 

cortex adult mice. 

Transplant: 3 dpi

3–4 mpt

A couple of EM examples of myelinated immunogold-

labeled GFP+ tN axons. One axon in the cortex and a 

couple of axons in the thalamus/dLG

Michelsen et al. 

(2015)

Cortex

Cortically fated human iPSC 

cell-derived neuroepithelial-

like stem cells (If-NES)

dMCAO in adult rats S1. 

Transplant: 48 hpi
6 mpt

Few EM examples of immunogold-labeled GFP+ tN axons 

myelinated in the ipsi-and contralateral cortex and corpus 

callosum. Myelin observed at initial, intermediate, and 

compact myelin stages. No quantification

IHC of MBP and human mitochondria shows graft-

derived OLs myelinating axons

Palma-Tortosa 

et al. (2020)

Cortex

Human ES-induced neurons 

(hES-iNs) overexpressing 

neurogenin 2 (NGN2)

dMCAO in adult rats S1. 

Transplant: 48 hpi
3 mpt

Few EM examples of immunogold-labeled STEM121+ 

tN axons myelinated in the ipsi-and contralateral cortex 

and corpus callosum. No quantification

Martinez-Curiel 

et al. (2025)

aQuantitative study.
tN, transplanted neurons; E, embryonic day; wpi, weeks post-injury; mpt, months post-transplant; ypt, years post-transplant; IBO, ibotenic acid injection; PHAL, Phaseolus vulgaris 
leucoagglutinin anterograde neuronal tracer; EM, electron microscopy image; PD, Parkinson’s disease; HD, Huntington’s disease; LGE, lateral ganglionic eminence; IHC, 
immunohistochemistry; MBP, myelin basic protein; C5, fifth cervical vertebra; T10, tenth thoracic vertebra; OL, oligodendrocytes; MEF, mouse embryonic fibroblasts; dMCAO, distal middle 
cerebral artery occlusion.

https://doi.org/10.3389/fncel.2025.1635551
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Martínez-Reza and Götz� 10.3389/fncel.2025.1635551

Frontiers in Cellular Neuroscience 04 frontiersin.org

sections, we will review the available evidence on tN axon myelination 
and discuss its implications for functional integration and repair.

While we  focus on transplantation in models of adult CNS 
pathology, it is important to mention that neuronal transplantation 
has also been used as a tool in experimental biology to probe human 
neuronal development in vivo. These so called “interspecies chimeras” 
are reviewed elsewhere (Vermaercke et  al., 2022) and involve the 
xenotransplantation of human-derived cells into embryonic/neonatal 
hosts, which provides an intact, actively developing environment for 
transplanted cells to integrate. Not surprisingly, studies consistently 
show that younger hosts support better graft survival and connectivity 
than older ones (Crutcher, 1990; Thomas et al., 2022; Paterno et al., 
2024), and that integration declines progressively with host age, even 
in the case of homotopic transplantation of rodent donor cells into 
adult rodent hosts (Greene et al., 2025). However, these findings are 
difficult to generalize, as graft integration depends strongly on the 
lesion environment, and near-normal connectivity can still 
be achieved in the adult brain under certain conditions, such as in the 
context of synapse loss (Falkner et al., 2016; Thomas et al., 2022). 

While these studies assessed transplanted cell development and graft-
host connectivity as a function of host’s age, the host’s age effects on 
myelination have not yet been directly quantified. The known decline 
in OL function with age (Shen et al., 2008; Hill et al., 2018; Neumann 
et al., 2019) may suggest that older hosts would myelinate grafts less 
efficiently than younger hosts, but this has not been systematically 
characterized. Interestingly comparison of human OPCs (hOPCs) 
transplanted into young adult mice and aged mice showed that both 
wildtype and modified Neuropilin-1 (NRP1) knock out hOPCs 
migrated equal distances regardless of the age of the host, suggesting 
that in this context, the intrinsic properties of the transplanted cells 
can offset the aging environment (Wagstaff et al., 2024). While older 
brains seem generally less “receptive” to new inputs, these are also the 
focus of most studies as there is a greater clinical need for neuronal 
replacement in adult or elderly patients.

Three of the main CNS targets that have been most explored for 
neuronal transplantation are the basal ganglia, cerebral cortex, and 
spinal cord (Figure 1). These regions are commonly affected in various 
pathologies and injuries that are often spatially confined, such as 

FIGURE 1

Schematic showing the different complex myelination patterns across the CNS highlighting the regions where neuronal transplantation interventions 
have been studied after TBI and stroke (cortex—burgundy), SCI (spinal cord—orange), and basal ganglia neurodegeneration (striatum—pink and 
substantia nigra—pale pink). These tNs have to integrate and acquire myelination at different levels of specificity to recapitulate the host characteristics 
(1) ultrastructural (myelin thickness and pattern), (2) neuronal subtype-specificity, (3) regional specificity and interactions with other neighbouring host 
glia. Example neuron and glia traces where adopted from: MSN—medium spiney neurons from striatum and cortical neurons (Oikonomou et al., 2014). 
Spinal cord motor neuron (MN) from neuromorpho.org (RRID:SCR_002145-NMO_00912) (Li et al., 2005; Tecuatl et al., 2024), Oligodendrocytes: 
OPC—oligodendrocyte progenitor cells, MFOL—myelin forming oligodendrocytes, MOL—mature oligodendrocytes (Fröhlich et al., 2011), microglia 
(Fernández-Arjona et al., 2017), resting and reactive astrocytes (Wilhelmsson et al., 2006).
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stroke and spinal cord injury (SCI), or affect specific localized cell 
types (e.g., Parkinson’s and Huntington’s diseases), making them ideal 
models for studying local neuronal replacement. The localized nature 
of the neuronal transplants highlights the importance of considering 
regional differences across the CNS. Myelination and OLs within the 
CNS vary both in distribution and composition (Xu et  al., 2024; 
Dimou and Simons, 2017; Foerster et al., 2019) which distinguishes, 
e.g., white from gray matter, and shows significant heterogeneity 
across different cortical and subcortical areas (Call and Bergles, 2021). 
While the cellular and molecular mechanisms governing this regional 
specificity remain largely unknown, several studies highlight the 
interaction between Ols and neurons as important drivers of these 
differences. For instance, ectopically enlarging axon calibers of 
normally unmyelinated cerebellar granule cells leads to OPC 
expansion, differentiation and de novo myelination (Goebbels et al., 
2017). Whether the myelination observed in tNs across these different 
environments recapitulates the exquisite diversity and specificity of the 
myelin patterns from the host cortical circuits has not yet 
been explored.

3.1 Basal ganglia transplantation

The basal ganglia comprise a group of subcortical nuclei that form 
extensive connections with the cerebral cortex, thalamus, and 
brainstem, and are involved in a wide range of functions including 
motor regulation, cognitive processing, emotional modulation, and 
learning (Pott et al., 2009). This group of brain nuclei is of particular 
interest in neuronal replacement as it hosts the specific cell populations 
that degenerate in Huntington’s and Parkinson’s diseases. In 
Huntington’s disease (HD), GABAergic medium spiny projection 
neurons (MSNs) in the striatum are primarily affected while in 
Parkinson’s disease (PD) the dopaminergic (DA) neurons in the 
substantia nigra pars compacta (SNpc) undergo degeneration.

Compared to the cortex and spinal cord, OL function and 
myelination in the basal ganglia is less studied. However, evidence 
suggests that this region’s distinctive axonal architecture and neuronal 
activity patterns have profound influence in OLs both locally and 
along the axons in the corpus callosum (Caldwell et al., 2023). Notably, 
axons of MSNs are myelinated (Bishop et  al., 1982), while 
dopaminergic neurons localized in the SNpc are scarcely myelinated 
despite having long axons (Sulzer and Surmeier, 2013; Orimo et al., 
2011; Braak and Del Tredici, 2004). The underlying mechanisms 
behind this distinction have not been explored, as studies explicitly 
comparing myelination of SNpc DA neurons with other neuronal 
types are largely absent. Nevertheless, to understand the contribution 
of OLs to PD, some reports have focused on studying the interactions 
of OPCs with DA neurons, even in regions where actual myelin 
sheaths are scarce. For instance, high-resolution imaging of the mouse 
midbrain revealed that NG2+ OPCs in the SNpc are abundant (in a 1:1 
ratio with DA neurons) and their processes frequently envelop both 
the soma and axons of TH+ neurons (Fitzgerald et  al., 2025). In 
addition, it has been shown that midbrain dopamine axons can 
synapse onto OLs in vivo and that some Olig2+/PDGFRα+ OPCs can 
express Drd1/Drd2 receptors (Caldwell et al., 2023), implying that 
dopaminergic fibers can directly signal to OPCs, potentially 
influencing myelination. Thus, OPCs make extensive axo-glial 
contacts in SNpc despite minimal myelin.

As SNpc DA neurons are scarcely or thinly myelinated, very few 
transplantation studies dealing with this neuronal population have 
assessed whether the grafts acquire myelination or affect the host 
OL population. Nevertheless, beyond myelination, DA neuron 
interactions with OLs and OPCs in the SNpc have been suggested 
to have a prominent role in the etiology of PD. Recent studies have 
identified a distinct cell type association between PD risk and 
OL-specific gene expression (Agarwal et al., 2020; Adams et al., 
2024). For instance, some of studies have shown that PD-linked risk 
loci identified by genome-wide association studies (GWAS) 
associate strongly to OL transcriptional profiles (Bryois et al., 2020; 
Dehestani et al., 2024). Moreover, a recent single-nuclei multiomic 
study that profiled gene expression and chromatin accessibility of 
young, aged and PD human postmortem midbrain samples showed 
that OLs were both the major cell type in the midbrain and one of 
the most altered cell types in PD, and identified a “disease-
associated” OLs subpopulation (Adams et  al., 2024). When 
comparing differentially expressed genes (DEGs) among healthy 
and disease-associated OL populations, PD-specific changes 
included a reduction in multiple genes involved in myelination (i.e., 
MBP, MOBP, MOG), glial-neuron adhesion (i.e., CTNNA3, 
NRXN3), as well as an increase in stress-response genes (i.e., 
HSP90AA1, FKBP5) and well-known neurodegenerative markers, 
such as MAPT which contains multiple PD-associated single 
nucleotide polymorphisms (SNPs) (Adams et  al., 2024). 
Furthermore, MRI studies in PD patients have revealed widespread 
changes in white matter, with most connections emerging from the 
basal ganglia showing a reduced myelin content (Boshkovski 
et al., 2022).

The heterogeneous myelin distribution of the basal ganglia and 
complex OL-DA neuron interactions add an extra layer of complexity 
to consider in neuronal replacement studies when discussing 
homotopic versus ectopic graft placement. A direct comparison 
between intranigral versus intrastriatal grafts using ventral 
mesencephalon (VM) fetal donor cells (Droguerre et al., 2022) or 
human ESC-derived midbrain DA neurons (Xiong et al., 2021) after 
6-Hydroxydopamine (6-OHDA) injection into the SNpc in adult mice 
showed that, while both sent projections to appropriate dopaminergic 
targets, the intranigral grafts promoted better survival of DA neurons 
and the recovery of fine motor skills, whereas the intrastriatal grafts 
elicited higher inflammation/gliosis response at the site of the graft 
(Droguerre et al., 2022; Xiong et al., 2021). While both astrocyte and 
microglia reactivity were studied and showed an increase in GFAP+/
C3+ and Iba1+/CD68+ populations in the intrastriatal compared to the 
intranigral grafts (Droguerre et  al., 2022), oligodendrocyte and 
myelination responses to these transplants were not assessed. Whether 
or not homotopic or ectopic transplants acquire differential 
myelination or interact differently with the local OL population has 
not yet been explored. Encouraging observations have been reported 
from clinical trials in which fetal mesencephalic tissue was 
transplanted into the putamen and caudate nucleus of two PD 
patients. Follow-up assessments conducted after 11–16 years post-
transplantation revealed sustained graft survival, with numerous 
dopaminergic neurons exhibiting long processes and forming dense 
neural networks within the grafts and the surrounding striatum. 
Notably, myelinated axons were observed in the grafted regions using 
Luxol fast blue staining (Li et al., 2008). However, the extent to which 
this myelination was attained, whether the axons corresponded to DA 
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neurons or other type of tN, and whether it recapitulated the 
endogenous patterns was not studied.

In addition to the dopamine-based strategies to modify circuit 
activity in the basal ganglia, the transplantation of cells derived from 
the medial ganglionic eminence (MGE) has been assessed to alleviate 
motor symptoms in the 6-OHDA PD model (Martínez-Cerdeño et al., 
2010). Following transplantation, MGE cells migrated away from the 
injection site and spread across the host striatum. By 4 weeks post-
transplantation (wpt), ~75% of transplanted MGE cells expressed the 
mature neuronal marker NeuN and GABAergic markers. Moreover, 
these tNs exhibited several markers typical of striatal GABAergic 
interneurons, including as calbindin (CB), calretinin (CR), 
parvalbumin (PV), and somatostatin (SST). Although striatal 
interneurons are often myelinated, especially PV+ (Lousada et  al., 
2021), myelination was not specifically assessed in this study. 
Interestingly, one fourth of the transplanted MGE cells were NeuN 
negative and CNPase+, suggesting that a subpopulation of MGE cells 
differentiated into OLs (Martínez-Cerdeño et  al., 2010). This 
represents an exciting avenue as MGE grafts could provide both 
neurons and OLs required to repair the damaged circuit. Whether the 
transplanted OLs have a preference to myelinate tN axons over host 
axons has not yet been explored.

Similar to PD, cell replacement therapy for HD has also advanced 
to clinical trials (Shah et al., 2025). While white matter dysfunctions 
have been widely reported in HD patients (Back et al., 2024), explicit 
reports of graft myelination in clinical and pre-clinical studies are 
scarce. Encouragingly, axonal tracing of fetal striatal transplants 
grafted into the excitotoxically lesioned striatum of rats revealed that 
these axons originate predominantly from DARPP-32-positive MSNs 
and extend exclusively in the caudal direction. The tNs axons form a 
single, well-defined bundle that follows the trajectory of the 
myelinated fibers of the internal capsule, ultimately branching into 
terminals within the globus pallidus. Electron microscopy (EM) 
analysis identified myelination in a couple of examples of these tNs 
striatopallidal axons (Wictorin et al., 1990); however, how many tNs 
have myelinated axons and the extent to which this myelination 
replicates the endogenous pattern remains uncharacterized. Notably, 
myelination within the graft site has not been consistently observed 
and appears to depend on factors such as the type of transplanted cells 
and the specific HD model studied. For instance, in the Q175 genetic 
mouse model of HD, human NSCs transplanted into the striatum 
differentiated into MSN- and interneuron-like cells but did not give 
rise to observable myelinated tracts under infrared illumination with 
differential interference contrast (IR-DIC) microscopy. The grafts were 
readily distinguishable from the surrounding host tissue, which 
appeared darker due to myelinated fiber tracts. In contrast, the grafts 
were more translucent and densely populated with diverse cell types 
(Holley et al., 2023), suggesting limited myelination within the graft. 
Further characterization is required to confirm this observation. In 
clinical trials, histological analysis of long-surviving HD graft patients 
has provided some evidence of possible myelination in graft tissue. In 
one case report, post-mortem examination 10 years post-transplant 
showed intense gliosis of bilateral caudate nuclei and putamen, as well 
as the unfortunate overgrown of masses and a cyst from the transplant. 
Staining of the graft site and circumscribed masses showed individual 
and bundled myelinated MBP+ axons which rarely appeared to cross 
the graft-host boundary (Keene et  al., 2009). While this report 
provides evidence that transplant-derived axons can undergo 

myelination in the human brain, it remains unclear whether in this 
case this was promoted by the abnormal graft overgrowth observed in 
the patient. Therefore, these findings should be  interpreted 
with caution.

3.2 Spinal cord transplantation

Neuronal transplantation has been extensively studied as a 
strategy to repair SCI. A key goal is not only to form new relay circuits, 
but also to achieve proper myelination of the regenerated axons 
(Roman et al., 2024), since the spinal cord is heavily myelinated. The 
proportion of myelinated spinal cord axons that has been quantified 
varies across regions, species, age and techniques used (Saliani et al., 
2017) and ranges from 40–60% in rat sacral spinal cord (Chung and 
Coggeshall, 1983), to an impressive >99% in lumbar mouse spinal 
cord (Schäffner et al., 2023). In the spinal cord, myelination is more 
advanced during early postnatal development compared to the brain 
(Hilscher et  al., 2022). While brain and spinal cord OPCs have 
different spatial and temporal developmental origins, they both 
emerge from distinct waves in a ventral-to-dorsal temporal sequence 
(Vallstedt et  al., 2005). Interestingly, spinal cord and brain OPCs 
converge in similar transcriptional profiles, despite their different 
developmental origins (Marques et al., 2018). On the other hand, 
mature OLs display notable transcriptional heterogeneity across 
different brain and spinal cord regions, giving rise to distinct 
subpopulations that have been characterized via single-cell (sc)-RNA 
sequencing (Marques et al., 2016; Hilscher et al., 2022; Weng et al., 
2025). These transcriptomic subpopulations of mature OLs (MOL1-6) 
have different spatial distributions in the brain and spinal cord and 
their abundance fluctuates with age and pathology. For example, in 
the spinal cord, MOL5/6 population increases with age and shows a 
spatial preference for gray matter (GM), whereas the MOL2 
population is predominantly found in white matter (WM) (Floriddia 
et  al., 2020). This transcriptional heterogeneity is reflected at the 
functional level both in vivo and in vitro. For instance, MOLs enriched 
in the brain subventricular zone express a unique profile of 
transcription factors linked to development, while spinal cord-
enriched MOLs are defined by a specific upregulation of immune-
related gene signatures (Weng et  al., 2025; Yaqubi et  al., 2022). 
Interestingly, in vitro when cultured on synthetic microfibers designed 
to mimic a myelination substrate, spinal cord OLs formed longer 
myelin sheaths compared to their cortical counterparts, mirroring 
internodes in vivo (Bechler et al., 2015). Spinal cord OPCs also showed 
increased migration and differentiation capacities, which are regulated 
by region-specific factors such as SKAP2, a cytoplasmic adaptor 
protein involved in cytoskeletal remodeling (Ghelman et al., 2021).

Consequently, spinal cord transplants may be  more readily 
myelinated than basal ganglia or cortical transplants. One of the few 
transplantation studies that quantitatively evaluated tN myelination 
showed that fetal rat spinal cord NPC grafts after C5 hemisection 
displayed myelination by host OLs in around 24% of tN axons 
emerging from the graft quantified 8–14 mm caudal to the lesion site 
(C8), with a G-ratio equal to that of axons in the intact spinal cord 
(Hunt et al., 2017). In addition to the myelination of tNs by host OLs, 
the contribution of transplanted cells to the pool of OLs and their role 
aiding remyelination and functional recovery has been shown to 
be relevant. Human, rat and mouse NSCs, ESCs and iPSCs have been 
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shown to differentiate into both neurons and glia (including OLs and 
astrocytes) when transplanted into the injured spinal cord (Cummings 
et al., 2005; Erceg et al., 2010; Tsuji et al., 2010; Yasuda et al., 2011). 
Transplantation of myelin-deficient shiverer mutant NSCs in SCI 
showed that both wildtype and mutant NSC transplants prevented 
atrophic changes in the injured spinal cord and promoted axonal 
growth, but only wildtype transplants preserved/enhanced 
myelination and locomotor functional recovery (Yasuda et al., 2011). 
These data highlight the importance of graft-derived OLs to the 
transplant outcome. Human fetal-derived stem cells grown as 
neurospheres (hCNS-SCns) transplanted after SCI can migrate to 
areas of demyelination and differentiate into graft-derived OLs, which 
then remyelinate spared mouse axons (Cummings et al., 2005; Salazar 
et al., 2010). Intriguingly, evidence of human cytoplasmic antigen 
(SC121+) OLs myelinating mouse axons could be found by EM, but 
SC121+ axons from graft-derived neurons were not reported to 
be myelinated by neither graft nor host OLs (Cummings et al., 2005). 
In a follow up-study, colocalization of SC121 with the paranodal 
protein CASPR was observed within the white matter, suggestive of 
host mouse axons remyelinated by graft-derived OLs rather than 
myelination of tNs since SC121-positive axons rarely extended into 
the white matter (Salazar et al., 2010). Similarly, Tsuji et al. (2010) 
reported that iPSC-derived grafts can differentiate into neurons, 
astrocytes, and OLs. They observed graft-derived OLs myelinating 
host axons but did not provide evidence of graft-derived axons being 
myelinated. When human ESC (hESC)-derived motor neuron 
progenitors and hESC-derived OPCs are co-transplanted after SCI, 
myelination of transplanted cells was observed. The human-specific 
neuronal NF70+ fibers were surrounded with APC+ hNU+ OLs, 
indicating that transplant-derived OPCs can also myelinate tNS 
(Erceg et al., 2010). Further research is needed to characterize the 
individual contribution of graft-derived OLs and neurons to 
locomotor recovery as well as to understand whether tNs can 
be equally myelinated by transplant and host OLs in SCI. While tOLs 
can myelinate host axons, it remains unclear whether they are more 
efficient at this task than endogenous OPCs or surviving host OLs 
following transplantation. Importantly, the graft and its surrounding 
microenvironment differ from the original injury site, in part due to 
the “bystander effects” exerted by transplanted cells on the host 
parenchyma (Ben-Hur, 2008; Han et al., 2023; Weber et al., 2025). 
Donor cells are well known to secrete pro-survival, neurotrophic, and 
pro-myelinating factors that can enhance the proliferation, survival, 
and differentiation of host OPCs, thereby improving the overall 
capacity for endogenous myelination and remyelination (Einstein 
et al., 2009). However, the opposite has also been observed with the 
transplant exerting strong and sustained microglia activation on the 
surrounding host parenchyma (Zarb et al., 2025).

Another critical variable across SCI transplantation studies that 
can profoundly affect the outcome of the intervention is the extent and 
position of the injury. Most animal studies have focused on 
transplantation in sharp, unilateral, incomplete injury models (i.e., 
hemisection and hemicontusion) which present with limited neuron 
loss, immune response, and gliotic scarring of injury level (Wilcox 
et al., 2014). Nonetheless, most clinical trials have prioritized patients 
with complete SCI (Burns et al., 2003; Bretzner et al., 2011; Wilcox 
et al., 2014). Importantly, also the extent of myelin pathology differs 
following contusion or transection SCI (Siegenthaler et al., 2007). It 
has been observed that contusion injuries produce more widespread 

structural damage, significant white matter apoptosis, demyelination, 
limited remyelination, and a strong macrophage response that extends 
several millimeters beyond the lesion core. In contrast, transection 
injuries that are more common in transplantation studies, cause a 
more localized pathology, with apoptosis and demyelination largely 
restricted to the lesion epicenter (Siegenthaler et al., 2007). Given the 
variability in host microenvironment across SCI models, it is not 
surprising that the differentiation outcomes of the transplant also vary 
widely. Some studies suggest that the harsher the SCI, the more 
pro-astrocytic the graft niche becomes and less transplanted cells 
differentiate into neurons or OLs (Cao et al., 2001; Wang et al., 2008; 
Khazaei et al., 2020; O’Shea et al., 2022). Indeed, after injury Notch 
ligands (Khazaei et al., 2020) and myelin-associated factors such as 
Nogo (Wang et  al., 2015) are upregulated in the spinal cord 
microenvironment and bias differentiation of transplanted cells 
toward more astrocytes. Nevertheless, there are reports after complete 
transection (Lu et al., 2012) or contusion (Cummings et al., 2005), 
where an important proportion of the grafts differentiated into mature 
neurons (20–30%). Thus, the distinct SCI microenvironments, the 
choice of donor cell sources, and the timing of transplantation are 
variables that all add to the wide differences observed in the 
proportions of graft cell populations.

3.3 Cortical transplantation

The cortical gray matter exhibits unique myelination patterns that 
vary widely across different cortical regions, layers (Tomassy et al., 
2016; Jokhi et al., 2024; Xu et al., 2024) and neuronal subtypes (Call 
and Bergles, 2021). This diversity is a hot topic of study in the field of 
myelination and is reviewed elsewhere (Foerster et al., 2019; Sherafat 
et  al., 2021; Osanai et  al., 2022; Weng et  al., 2025). In brief, the 
mechanisms that control cortical myelination heterogeneity are poorly 
defined, and they are thought to involve a combination of factors. 
These include distinct signals from specific neuronal subtypes residing 
in each cortical layer (Jokhi et  al., 2024), as well as intrinsic 
characteristics of OLs, such as their transcriptional and functional 
diversity (Marques et al., 2016; Floriddia et al., 2020; Pivoňková et al., 
2024). Additionally, the developmental and maturation stage of OLs 
plays a role (Sun et  al., 2018). Extrinsic cues from the local 
microenvironment, including astrocytes, microglia, and the 
extracellular matrix, also contribute to this complexity (Sherafat et al., 
2021). OLs in the cortex are transcriptionally heterogeneous, with 
distinct subpopulations that preferentially myelinate specific types of 
axons (Weng et al., 2025; Foerster et al., 2019). It will be very important 
to understand to which extent this heterogeneity persists with aging, 
neurodegeneration and after injury. In addition to this intrinsic 
diversity, neuronal cues play a critical role in initiating and shaping 
myelination patterns. This is underscored by findings showing that 
mislocalization of deep-layer projection neurons to upper cortical 
layers leads to aberrant, ectopic myelination in those regions (Tomassy 
et  al., 2014). Supporting this, recent work by Jokhi et  al. (2024) 
demonstrates that ectopic expression of pro-myelinating signals that 
are normally associated with heavily myelinated deep-layer neurons, 
in upper-layer neurons is sufficient to induce myelination in otherwise 
sparsely myelinated upper layers.

This complexity and heterogeneity in the myelin network of the 
host circuits may pose a significant challenge to the successful 
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integration of neuronal transplants that has so far been overlooked in 
the field. Notably, cortical transplants exhibit a high degree of 
regional integration specificity. Studies have demonstrated that only 
donor cells with the appropriate cortical regional identity can 
effectively contribute to the reconstruction of the damaged cortical 
circuits (Gaillard et al., 2007; Michelsen et al., 2015; Terrigno et al., 
2018; Espuny-Camacho et  al., 2018). For instance, mouse ESCs-
derived tNs with visual cortex identity integrate successfully when 
transplanted into a lesioned adult visual cortex, however, the same 
neurons fail to integrate when grafted into the motor cortex, 
indicating that a match in region identity between grafted and host 
tissue is crucial for functional integration. EM analysis in this study 
revealed that some GFP-labeled tN-derived axons were ensheathed 
by host myelin in both the cortex and dLG following transplantation 
into the injured visual cortex. However, the extent of myelination was 
not quantified and only individual examples were shown, leaving the 
overall degree of myelination uncertain. Although these neurons also 
survived after transplantation into the motor cortex, their pattern of 
axonal projections was markedly different, with reduced innervation 
of the cortex, striatum, and thalamus (Michelsen et  al., 2015). 
Importantly, the study did not report whether the non-specific 
projections in heterotopic transplants were similarly myelinated. 
Thus, the extent and specificity of tN myelination remain largely 
unknown, leaving open critical questions about how selective and 
region-appropriate myelination can be  achieved in diverse 
transplant scenarios.

Despite extensive preclinical and clinical research in cortical 
transplantation across various injury models, direct evidence for the 
myelination of tN axons remains limited. While very few studies have 
reported the presence of myelinated tN-derived axons following 
transplantation in the cortex, these observations are often based on 
isolated examples rather than comprehensive or systematic analyses. 
This lack of quantification makes it difficult to draw firm conclusions 
about whether tNs can consistently acquire myelination at all, as well 
as the specificity, and functional relevance of tN myelination. 
Moreover, it remains unclear how the myelination of tNs compares to 
that of endogenous neurons in terms of pattern, thickness and general 
myelin dynamics. While some studies using models of cortical stroke, 
aspiration injury, and traumatic brain injury (TBI) have reported 
myelination of tNs from diverse donor sources, it remains unclear how 
many of the tNs are myelinated and if these neurons can acquire the 
complex, region-specific myelination patterns characteristic of the 
host cortex. One estimation of the extent of myelination that can 
be acquired by tNs comes from seminal work by Gaillard et al. (2007). 
In this study, a fragment of embryonic mouse motor cortex was 
transplanted immediately into an adult mouse brain after a part of the 
motor cortex was acutely aspirated. At 2 months post-transplant, both 
EM and IHC analyses revealed myelination of transplant-derived 
axons in the cortex, striatum, and internal capsule, with approximately 
30% of GFP+ fibers also colocalizing with PLP. While this study offers 
valuable insight into the potential for tN myelination, the spatial 
pattern and variability of myelination across different grafts were not 
explored, making it difficult to assess the consistency and regional 
specificity of these findings. Moreover, since analyses were conducted 
at a single time point, it remains unclear whether the observed 
myelination is stable over time, or subject to dynamic changes.

Qualitative evidence for myelination of human tNs comes from 
cortically fated human iPSC-derived neuroepithelial-like stem cells 

(NES) transplanted into the rat somatosensory cortex following 
ischemic injury. Upon differentiation these tNs extended axonal 
projections across both hemispheres, and showed evidence of 
myelination at early, intermediate, and fully compacted stages, as 
confirmed by EM. Notably, many MBP+ fibers also stained for human-
specific markers for mitochondria and STEM121, indicating that 
graft-derived OLs were functional and actively producing myelin 
(Palma-Tortosa et al., 2020). However, it remains unclear whether 
these tOLs preferentially myelinate transplant-derived or host axons, 
and how many of the tNs were myelinated. These limitations highlight 
the need for longitudinal, region-specific, and quantitative studies to 
fully understand the extent, stability, and functional relevance of tN 
myelination following cortical transplantation.

4 Checkpoints in neuronal 
transplantation myelination/
remyelination

The ensheathment of neuronal transplants would require that the 
machinery for de novo myelination is activated and that young/fetal 
cells are recognized by the adult/aged OL in the host parenchyma 
amidst the unfavorable environment created by trauma or 
degeneration. This challenge poses a two-part problem, namely 
extrinsic OL and intrinsic tN cues must be coordinated. Here we revise 
some of the checkpoints that can influence the transplant myelination.

4.1 Host environment generates extrinsic 
checkpoints

Numerous studies have shown that the CNS inflammatory 
response that is upregulated upon injury and neurodegeneration can 
have detrimental effects on OL differentiation and myelination. OL 
are highly susceptible to damage under pathological conditions due to 
several factors (Dent et al., 2015). Notably, OLs operate at one of the 
highest metabolic rates among brain cell types to support the synthesis 
and maintenance of extensive myelin sheaths (Meschkat et al., 2022). 
This leads to the accumulation of harmful byproducts such as reactive 
oxygen species (ROS) and renders OLs particularly prone to oxidative 
injury. Further aggravating their susceptibility, OLs exhibit limited 
antioxidant defenses with low production of glutathione, thereby 
impairing their ability to counteract oxidative stress (Connor and 
Menzies, 1996; Thorburne and Juurlink, 1996). Consequently, 
conditions associated with metabolic or oxidative strain can 
overwhelm these cells, triggering apoptotic (Dewar et al., 2003) and 
likely ferroptotic pathways. Additionally, pro-inflammatory cytokines 
can initiate cell death; interferon gamma (IFNγ) compromises 
proliferation of OPCs, while tumor necrosis factor alpha (TNFα) 
induces apoptosis in differentiated OL (Horiuchi et al., 2006; Jurewicz 
et al., 2005). These cells are also at risk of excitotoxic death resulting 
from unregulated glutamate and ATP release, which heightens 
membrane permeability to extracellular calcium and promotes 
apoptosis (Mcdonald et al., 1998). Such pathophysiological features 
are hallmarks of conditions that are targets for neuronal 
transplantation interventions, namely TBI, SCI, stroke, and localized 
basal ganglia neurodegeneration (HD and PD). Targeting these 
pathways to improve OL viability might improve transplant 
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integration in these models, however, this might not be a “one size fits 
all” solution as each of these pathologies present with very different 
environmental cues, even though commonalities can be found, such 
as complement activation (Thomas et al., 2022). Moreover, differential 
inflammatory responses across different brain regions may play a role 
in regulating localized OL activity. For instance, we have shown that 
there are profound differences in grey matter glial reactivity, including 
NG2 glia proliferation, when the white matter is also injured or not 
(Mattugini et al., 2018).

To better understand the key checkpoints that tNs must overcome to 
successfully integrate into different brain environments, it is important to 
consider how integration varies depending on the surrounding pathology. 
When endogenous neurons are ablated through apoptosis, resulting in 
minimal reactive gliosis and inflammation, tNs can achieve near-perfect 
integration with appropriate brain-wide synaptic inputs and functional 
properties comparable to endogenous neurons (Falkner et al., 2016). 
However, this level of integration is no longer observed when tNs are 
transplanted into environments affected by TBI, aging, or amyloid 
pathology. Using the same brain-wide input connectome analysis, studies 
have shown that integration is significantly impaired or exuberant under 
these conditions (Grade et al., 2022; Thomas et al., 2022). These findings 
highlight the powerful influence of the injury environment on the 
establishment of synaptic inputs to tNs. For the purposes of this review, 
we broadly categorize these pathological environments into two groups: 
acute injuries (TBI, SCI, and stroke) and chronic neurodegenerative 
conditions (PD and HD). It is important to note, however, that acute 
injuries often evolve into chronic states, blurring the boundaries between 
these categories. Finally, it is also important to note that very little to 
nothing is known about how the transplant affects the progress of the 
lesion environment.

4.1.1 Acute injury: TBI, SCI and stroke
The pathology following acute injuries progresses through a 

dynamic continuum of two main phases: a primary injury (such as 
mechanical trauma in TBI and SCI, or disrupted blood flow in stroke), 
followed by a secondary injury, which is characterized by a cascade of 
cellular and molecular events that drive ongoing tissue degeneration. 
Understanding the distinct processes that define each phase is critical 
for optimizing the timing and effectiveness of neuronal 
transplantation, as the host environment’s receptivity to grafted cells 
may vary across these stages. Moreover, aligning transplantation with 
phases that favor repair and remyelination may help harness or even 
redirect endogenous cues to enhance graft integration and 
therapeutic outcomes.

4.1.1.1 Primary CNS injuries
In the acute phase, the brain microenvironment is characterized 

by intense inflammation, with the activation of microglia and the 
release of pro-inflammatory cytokines such as TNFα (Neumann et al., 
2002). In addition to the loss of neurons that follow trauma or stroke, 
acute injuries can lead to demyelination and disrupted remyelination 
processes (Mahoney et al., 2022). It has been observed that CC1+ 
mature OLs undergo apoptosis in both the acute and chronic phases 
of TBI (up to 5 weeks post-injury) following a mouse model of 
cortical-impact injury (Dent et al., 2015). These pathological changes 
may contribute to secondary axonal injury, and neuronal cell death. 
Following SCI, spontaneous axonal remyelination is minimal, even 
though the spinal cord harbors multipotent endogenous spinal neural 

precursor cells (esNPCs) capable of replenishing lost OLs (Barnabé-
Heider et al., 2010). While numerous studies have shown that SCI 
induces proliferation of esNPCs within the ependymal zone, this 
proliferative response does not lead to substantial OL differentiation 
or maturation. Instead, the majority of activated esNPCs differentiate 
into astrocytes that migrate toward the lesion site and adopt a reactive 
phenotype, contributing to the formation of a glial scar (Barnabé-
Heider et al., 2010). OLs are highly susceptible to damage during the 
acute phase of ischemia: OL and astrocyte swelling can be observed as 
early as 30 min post-stroke, with substantial OL death within 3 h 
(Pantoni et al., 1996). Moreover, it has been shown that just 30 min of 
oxygen-glucose deprivation can lead to the loss of approximately 90% 
of OLs within a 9-h period (Tekkök and Goldberg, 2001).

These findings suggest that the microenvironment following acute 
injury may negatively impact the survival, integration, and myelination 
of transplanted neuronal precursor or neurons. Interestingly, several 
studies in which transplants were performed immediately following 
acute injury, evidence of tN myelination was reported (see Table 1; 
Gaillard et  al., 2007; Erceg et  al., 2010). The transplants were 
performed immediately following acute injury. The robust survival 
and integration amidst this neurotoxic microenvironment may 
be  explained by the concurrent activation of protective and 
regenerative mechanisms. For instance, while damage to OLs results 
in both demyelination and abnormal myelin formation, ischemic 
events and traumatic injuries also stimulate OPC proliferation and 
migration (Zhang et al., 2013; von Streitberg et al., 2021). Moreover, 
growth factors that can support cell survival and angiogenesis are also 
upregulated at this stage, such as brain-derived neurotrophic factor 
(BDNF) and vascular endothelial growth factor (VEGF) (Ishizaka 
et al., 2013; Nakayama et al., 2019). In addition, the upregulation of 
chemokines in this phase can guide the migration of transplanted cells 
to the injured area, such as monocyte chemotactic protein-1 (MCP-1) 
and stromal cell-derived factor-1 (SDF-1) (Lee et al., 2015). Although 
these findings offer important insights, transplantation immediately 
after the lesion (Gaillard et al., 2007; Ballout et al., 2016) presents 
major challenges for clinical translation, as in acute injury scenarios 
there is often a significant delay between the injury and the availability 
of transplantable cells. Therefore, the focus of the field is turning 
towards understanding the interplay between transplants and the 
subacute/secondary brain injury environment.

4.1.1.2 Secondary CNS injuries
Following traumatic injury and stroke, the wave of secondary cell 

death, which mainly affects neurons and OLs, spreads rostrally and 
caudally from the lesion site in SCI, and radially in TBI and stroke, 
contributing to structural and functional impairments (Carmichael, 
2016; Amlerova et  al., 2024). Central mechanisms driving this 
secondary damage include vascular disruption and ischemia, 
excitotoxicity mediated by excessive glutamate, oxidative stress, lipid 
peroxidation, and the release of proinflammatory cytokines and 
signaling molecules, which create a pro-inflammatory 
microenvironment (Eftekharpour et al., 2008; Amlerova et al., 2024). 
After injury, spontaneous axonal remyelination is minimal, even in 
the spinal cord that harbors multipotent endogenous esNPCs capable 
of replenishing lost OLs (Barnabé-Heider et al., 2010). The subacute 
phase is marked by a shift from inflammation to tissue repair as the 
levels of pro-inflammatory cytokines decrease, and anti-inflammatory 
factors increase, such as interleukin-10 (IL-10). This phase is 
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characterized by the initiation of angiogenesis which can support the 
integration of transplanted cells into the host tissue. In addition, 
the expression of growth factors, such as VEGF, can promote the 
differentiation of transplanted cells into functional neurons and glial 
cells (Chen et al., 2022). Studies have shown that transplantation in 
the subacute phase after both stroke and traumatic injury can lead to 
better functional recovery, as the environment is more supportive of 
cell survival and integration (Doeppner et al., 2014; Péron et al., 2017; 
Ballout et  al., 2019). Delaying the homotopic transplantation of 
embryonic cells into the adult mouse motor cortex by one week after 
aspiration injury significantly improved graft outcomes, including 
increased vascularization, enhanced cell proliferation and survival, 
and greater density of tNs axonal projections, and this was 
accompanied by an increase in the number of astrocytes, microglia, 
OLs, and CD45+ cells, compared to the acute transplantation (Péron 
et al., 2017; Ballout et al., 2019).

The influence of the state of reactive gliosis onto neural transplants 
has also been shown by transplantation into GFAP and Vimentin 
knockout mice which have attenuated reactive gliosis (Pekny et al., 
2016). While rodent NSC transplants generally fared better in terms 
of neurogenesis and proliferation (Kinouchi et al., 2003; Widestrand 
et al., 2007), this was not the case for human iPSC-derived transplants 
(Laterza et al., 2018). The different outcomes can be explained on the 
one hand due to the different host environments, namely intact retinas 
(Kinouchi et al., 2003) or intact hippocampi on the Rag-1 knock-out 
background (Widestrand et al., 2007), compared to ischemic cortical 
stroke combined with immunosuppression by cyclosporine A (Laterza 
et al., 2018). On the other hand, human and rodent neural progenitors 
differ in several intrinsic properties including growth requirements 
(Culbreth et  al., 2012), timing of differentiation (Ostenfeld et  al., 
2002), expression of surface proteins such as aquaporins (Cavazzin 
et al., 2006), and sensitivity to various compounds (Malik et al., 2014). 
Moreover, the absence of an effect of reduced gliosis on neuronal 
differentiation in human NSPCs may reflect species differences in 
astrocytes. Compared with rodents, human astrocytes are more 
abundant, diverse, and structurally complex (Oberheim et al., 2009), 
suggesting that murine reactive astrocytes may interact differently 
with human versus rodent grafts. Taken together, these findings 
emphasize that both modulation of host reactive gliosis and donor cell 
source can shape the outcome of neural transplants, raising intriguing 
possibilities for how these factors might influence myelination.

Another interesting model to explore with a modified reactive 
host environment is the depletion of microglia. In response to neural 
damage and neurodegenerative processes, microglia undergo 
significant structural and functional changes, enabling them to 
remove myelin debris and facilitate tissue repair (Safaiyan et al., 2021). 
In addition, reactive microglia can have a binary influence on OPC 
dynamics: while microglia activation is required for injury-induced 
OPC proliferation (Franklin and Ffrench-Constant, 2008; Wang et al., 
2020), persistent microglia activation can impair OPC differentiation 
(Gibson et al., 2019) and delayed ablation of microglia preferentially 
promotes maturation of early differentiated OPCs into myelinating 
oligodendrocytes (Wang et  al., 2020). Interestingly, microglia 
depletion markedly enhanced remyelination in a mouse model of 
chronic demyelination after transplantation of mesenchymal stem 
cells (MSCs), compared to the MSC transplantation alone (Tahmasebi 
et al., 2021). Thus, transient microglia depletion after transplantation 
could be beneficial to promote OPC differentiation and myelination. 

Nevertheless, microglia ablation can also have deleterious 
consequences to the transplant integration particularly in the context 
of proteinopathies. For example, wild-type DA neurons grafted into 
the striatum of mice overexpressing human α-synuclein accumulated 
more host-derived α-synuclein upon microglia depletion than in 
control hosts (George et al., 2019). Whether the depletion of microglia 
has an impact on the myelination of the tNs has not been assessed but 
the effect is likely to be time and model-dependent.

Taken together, these considerations highlight the importance of 
precisely timing transplantation to circumvent the highly cytotoxic 
acute phase post-injury, while concurrently leveraging the endogenous 
proliferative response of OPCs in the subacute phase. Strategies that 
combine the delivery of the replacing neuronal cells together with 
factors that alleviate the inflammation or glial scar and promote OPC 
differentiation into mature OLs could be  beneficial to enhance 
transplant integration and myelination.

4.1.2 Neurodegeneration: PD and HD models
Historically the basal ganglia circuitry has been a remarkable 

platform for the development of cell-based repair (Björklund and 
Parmar, 2020). First, there are a plethora of ablation models available 
that allow selective damage of the components of the basal ganglia that 
mimic the pathology seen in humans affected by PD or HD. For 
instance, the ablation of striatal projections using excitotoxic lesions 
induced by quinolinic (QA) or ibotenic acid (IBO), and damage to the 
nigrostriatal dopamine (DA) system using the 6-OHDA neurotoxin. 
Even before the identification of the HD gene and the development of 
transgenic models, researchers primarily relied on excitotoxic lesions 
in the striatum to simulate HD in animal studies (Ramaswamy et al., 
2007). Secondly, the striatum contains a well-defined neuronal 
population (interneurons and MSNs) and strictly unilateral 
projections, allowing the intact contralateral side to be used as an 
internal control. Lastly, there exist a battery of tests for striatum-
related motor and cognitive behaviors that are perfect for monitoring 
the behavioral outcomes of the transplantation intervention 
(Björklund and Parmar, 2020). While the use of these animal models 
has led to a wealth of discoveries, the translation of this knowledge 
into clinical applications has yielded inconsistent results (Kirkeby 
et al., 2025; Parmar and Falk, 2025; Björklund and Parmar, 2020). One 
possible explanation is that the host environment resulting from a 
localized excitotoxic lesion differs fundamentally from that of a 
chronically degenerating brain burdened with aggregated proteins 
such as alpha-synuclein or huntingtin. In particular, the glial response 
to these aggregates, as well as the documented uptake of pathological 
protein aggregates by transplanted healthy cells (Li et  al., 2008), 
underscores the importance of understanding the dynamic 
interactions between grafted cells and the specific diseased host 
environment. Our laboratory has demonstrated that transplantation 
into the amyloid-loaded, intact cortex of a transgenic Alzheimer’s 
disease mouse model, as well as into the intact aged mouse brain, 
influences graft integration in host environment-dependent manner. 
Specifically, both conditions led to increased input connectivity to the 
graft compared to adult intact controls. Notably, the aged cortex 
produced a more extensive effect on graft connectivity than the cortex 
of 8-month-old APP/PS1 transgenic mice, despite exhibiting greater 
inter-individual variability (Thomas et  al., 2022). These findings 
suggest that while graft survival and integration occur across all tested 
conditions, the degree of integration critically depends on the specific 
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pathology encountered in the host/patient brain. Therefore, caution is 
warranted when extrapolating conclusions from one model to another.

The brain microenvironments of HD and PD are characterized 
by chronic neuroinflammation, posing a persistent challenge for 
graft survival and function. Post-mortem analysis of HD and PD 
brains reveal widespread activation of astrocytes and microglia, 
which secrete pro-inflammatory cytokines and chemokines, 
fostering a sustained inflammatory milieu and contributing to 
blood-brain-barrier disruption (Palpagama et al., 2019; Kam et al., 
2020). Notably, glial reactivity correlates positively with disease 
severity. PET imaging confirms microglial activation even in 
pre-symptomatic HD mutation carriers, increasing with symptom 
onset (Tai et  al., 2007). In HD, astrocytes accumulate mutant 
huntingtin protein and downregulate glutamate transporters 
(GLT-1), impairing glutamate uptake and exacerbating excitotoxicity 
(Khakh et al., 2017). Microglia in the SNpc are particularly prone to 
a pro-inflammatory profile, potentially contributing to selective 
vulnerability of dopaminergic neurons (Gosselin et al., 2017). Studies 
directly comparing transplant integration between excitotoxic lesion 
models and neurodegenerative transgenic mouse models have 
revealed striking differences in transplant survival and functional 
recovery. For example, Zimmermann et  al. (2016) compared 
transplantation of mouse ESC-derived BDNF-expressing NPCs into 
both a QA-lesioned model and two widely used HD transgenic 
mouse lines, N171-82Q and the more severe R6/2 strain 
(Ramaswamy et al., 2007). Interestingly, transplant survival rates 
were significantly higher in the QA model (20.1%) compared to the 
transgenic models with survival rates of approximately 17.89% in 
N171-82Q and only 9.61% in R6/2 mice. These differences correlated 
with behavioral outcomes: robust motor function improvements 
were observed in QA-transplanted mice, while only modest effects 
were seen in both transgenic lines, which highlights the relevance of 
the host environment in transplants outcome.

Given the challenges posed by chronically neurotoxic host 
environments, current transplantation strategies are increasingly 
focused on combining neuronal replacement with the localized or 
systemic delivery of anti-inflammatory or neuroprotective agents. 
These combinatorial approaches aim to mitigate the hostile 
microenvironment, improve graft survival, and ultimately improve 
functional recovery. Such strategies include engineering donor cells 
to overexpress neurotrophic factors, such as nerve growth factor 
(NGF) or brain-derived neurotrophic factor (BDNF) (Martínez-
Serrano and Björklund, 1996; Zimmermann et  al., 2016; Pollock 
et al., 2016; Kim et al., 2020) or the continuous administration of 
neuroprotective/immunomodulatory factors like cerebral dopamine 
neurotrophic factor (CDNF) either systematically or intracerebrally 
(Tseng et al., 2022). Particularly in the context of PD, the concern for 
a limited capacity for long-distance axonal growth in the adult brain, 
has prompted the investigation of delivering growth-promoting cues 
in the striatum or the nigrostriatal bundle to guide axonal projections 
from homotopic transplants placed in the SNpc toward the striatum 
and reconstruct the lost midbrain DA pathways. For instance, the 
viral delivery of glial cell line-derived neurotrophic factor (GDNF) to 
the striatum in conjunction with homotopic transplantation of 
human iPSC-derived midbrain DA neurons, improved brain-wide 
mDA target innervation and functional recovery compared to graft-
only controls. Notably, caudal and ventral host targets that were 
poorly innervated by ectopic grafts received more extensive 

projections under this combined treatment (Moriarty et al., 2022). 
Another notable example of the modification of the host extracellular 
environment to improve transplant integration involves the enzymatic 
degradation (Takeuchi et al., 2013) or the infusion of neutralizing 
antibodies (Seiler et  al., 2017) against inhibitory molecules to 
facilitate axonal regeneration. The use of high-purity chondroitinase 
ABC (ChABC), an enzyme that cleaves chondroitin sulfate side 
chains and effectively degrades chondroitin sulfate proteoglycans 
known to inhibit axonal growth, has shown encouraging results 
(Takeuchi et al., 2013). Simultaneous homotopic transplantation of 
fetal dopaminergic progenitors into the ventral midbrain of 6-OHDA-
lesioned mice together with ChABC injected into the nigrostriatal 
bundle did not affect graft survival, but significantly enhanced axonal 
growth along the nigrostriatal pathway and increased reinnervation 
of the striatum compared to untreated grafted controls (Kauhausen 
et al., 2015).

While several of these studies have examined the glial reactivity 
around the graft in response to the co-treatments, detailed analyses of 
the oligodendroglia population reaction and the extent at which these 
interventions could support the myelination and integration of tN 
axons, are lacking. Very rarely these studies report tN myelination, 
although this constitutes a relevant tN integration milestone. 
Intriguingly, some of the compounds that showed enhanced graft-
derived DA fiber outgrowth, for example the Nogo-Receptor 1 
antagonist NEP1-40 (Seiler et al., 2017), could also have a positive 
impact in re-myelination processes (Chong et al., 2012; Petratos et al., 
2020). Future studies should focus on evaluating the efficacy of 
combining cell transplantation with pro-myelinating factors and 
systematically assess their contribution to axonal integration and 
functional connectivity. In summary, the host microenvironment 
plays a decisive role in graft integration. Understanding these disease-
specific landscapes and how they diverge from lesion models is 
essential to tailor cell therapy approaches. Mitigating chronic gliosis 
while leveraging beneficial glial support will likely improve the 
functional integration of tNs.

4.2 tNs intrinsic checkpoints

While this review has primarily focused on the influence of the 
host environment on graft survival and integration, substantial 
evidence also highlights the critical role of the intrinsic properties of 
transplanted cells. For successful integration, donor cells-whether 
developmentally immature fetal progenitors or more advanced in vitro 
patterned and matured cells-must adapt to the complex and highly 
organized architecture of the host neural network. Numerous studies 
have directly compared various sources of donor cells, such as iPSCs, 
ESCs and fetal-derived neural progenitors, within the same host 
models. Such comparative analyses provide valuable insights into how 
donor cell origin and intrinsic characteristics impact graft viability, 
differentiation potential, and therapeutic efficacy across different 
neurological conditions.

4.2.1 Donor cell sources
Fetal derived cells possess a high intrinsic regional identity (e.g., 

of the brain region they originate from) and a strong innate capacity 
for target-specific axonal projections making them ideal for accurate 
neuronal replacement (Grade and Götz, 2017). However, the clinical 
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use of fetal tissue for transplantation poses significant ethical and 
logistical challenges. These cells are not only difficult to acquire in 
sufficient numbers but also tend to be  heterogeneous, making it 
challenging to implement standardized, scalable quality control 
measures suitable for clinical application (Björklund and Parmar, 
2020). The isolation of human ESCs in 1998 (Thomson et al., 1998), 
followed by the development of iPSCs in 2006 (Takahashi and 
Yamanaka, 2006) marked a major turning point in the neuronal 
replacement field. Both ESCs and iPSCs allow scalable homogeneous 
expansion and differentiation under defined protocols. Neurons 
derived in these cultures can be regionally patterned (Tao and Zhang, 
2016) and their integration has been well demonstrated in various 
pre-clinical disease models. In particular, iPSCs offer the exciting 
possibility of autologous transplantation of patient-specific cells, thus 
carrying little risk of graft rejection (Parmar and Falk, 2025).

A direct comparison between hESC and fetal VM transplants in a 
rat model of 6-OHDA striatum-lesioned rats showed notable 
morphological similarities between the two graft types at 6-months 
post-transplantation (Grealish et al., 2014). In both hESC-derived and 
fetal intrastriatal grafts, TH+/GIRK2+ neurons were the most abundant 
subtype. While the proportion of TH+, GIRK2+ and Calbindin+ cells 
was comparable between hESC and fetal-derived grafts, the total cell 
numbers were higher in hESC grafts. This total cell count was also 
higher in intrastriatal grafts compared to homotopic grafts placed in 
the SNpc, highlighting the importance of the interplay between host 
environment and donor cells on transplant survival. Notably, human 
NCAM+ (hNCAM) glial cells were detected in grafts from 8-week-old 
fetal donors but absent in grafts from younger 5.5-week-old fetal tissue 
and from hESC-derived grafts. Nevertheless, hNCAM+ axons were 
found in all conditions, indicating that glial contribution is not 
essential for axonal extension. The myelination status of these graft-
derived fibers was not evaluated; however, the authors noted the tN 
axonal trajectories followed both myelinated and unmyelinated tracts. 
Interestingly, when it came to the long-distance projections from 
homotopic SNpc grafts, the axonal outgrowth patterns of fetal- vs. 
hESC-derived grafts differed. Fetal VM tissue was more efficient at 
innervating the caudate-putamen (A9 DA target), whereas hESC 
grafts innervated better the infralimbic cortex and septum (A10 DA 
targets). This target specificity appears to be intrinsically programmed 
and could be tuned by transcriptional modifications. Grafts derived 
from a transgenic hESC line overexpressing the transcription factor 
Otx2, associated with the A10 DA phenotype, showed reduced 
innervation of A9 targets, emphasizing the critical role of intrinsic 
transcriptional identity in directing graft integration and connectivity 
(Grealish et al., 2014).

In contrast, iPSC-derived grafts appear to exhibit greater 
variability in performance, likely due to the intrinsic heterogeneity of 
the different donor cell lines. A recent pre-clinical/clinical study 
assessed the quality of iPSC-derived DA cells from four different 
patients transplanted into the striatum of 6-OHDA-lesioned athymic 
rats. Surprisingly, the grafts showed substantia differences in volume, 
cell density and the total number of TH+ cells. Moreover, grafts 
derived from one patient, failed to show behavioral improvement in 
rotation tests. This lack of functional recovery was associated with a 
reduced number of TH+ cells and lower striatal TH+ fiber density, 
despite the comparatively larger graft volume (Jeon et al., 2025). These 
unexpected findings highlight the critical importance of in vivo testing 
each iPSC-derived line and thoroughly analyzing the graft 

composition, as the complex interactions between graft and host 
environment cannot be fully recapitulated in vitro. It remains unclear 
whether different iPSC lines differ in their capacity to engage with the 
host environment, particularly in terms of glial reactivity or 
recruitment of myelination, and what the donor-specific factors that 
shape the differential graft outcomes are.

Nevertheless, iPSC-derived cells hold significant promise for 
neuronal replacement therapies and, in some contexts, may even 
outperform other donor cell sources. A direct comparison of three 
human stem cells sources, namely bone marrow-derived mesenchymal 
stem cells (BM-MSCs), neural progenitors derived from immortalized 
spinal fetal cell line (SPC-01), and iPSC-derived neural progenitors 
(iPSC-NPs), transplanted in a rat model of SCI revealed the most 
significant behavioral improvement in iPSC-NP treated animals. This 
enhanced recovery was associated with a higher tendency of the 
iPSC-NP transplant to differentiate into neurons. In contrast, MSC 
grafts failed to survive 2 months post-transplant, and SPC-01 grafts 
primarily differentiated into astrocytes, showing only limited graft 
infiltration of host neurofilaments. Interestingly, the expression of 
pro-neural factors such as ciliary neurotrophic factor (CNTF) was 
significantly lower in the iPSC-NP transplanted group compared to 
the MSC-treated animals. This may help explain the modest locomotor 
recovery observed in MSC-treated animals despite the limited graft 
survival (Ruzicka et al., 2017). Similarly, a comparative study of mouse 
iPSC and ESC-derived neuronal transplants in a rat model of middle 
cerebral artery occlusion (MCAO) showed a slightly higher number 
of NeuN+ neurons and GFAP+ astrocytes in iPSC-treated animals 
compared to ESC grafts. Functional imaging using positron emission 
tomography (PET) with 18F-fluorodeoxyglucose (18F-FDG) showed 
that both iPSCs and ESCs grafts increased glucose metabolism after 
ischemia, albeit with different temporal dynamics. In the ESC-treated 
group, the lesion-to-normal (L/N) uptake ratio peaked at 1-week post-
transplantation and was significantly higher than the iPSC and 
non-grafted groups. However, this ratio gradually declined in the 
ESC-treated and fell below that of the iPSC-treated group at 4 wpt 
(Wang et al., 2013). These findings suggest that iPSC-derived grafts 
may outperform ESCs-derived grafts in certain contexts, however, 
outcomes are likely to be model- and species-dependent, underscoring 
the need for case-by-case evaluation.

4.2.2 Donor cell species
While human and mouse OLs show significant overlap in lineage 

progression, transcriptional regulation and expression of surface 
markers through lineage stages (Buchet and Baron-Van Evercooren, 
2009; Sim et al., 2009; Dietz et al., 2016), myelin development diverge 
significantly in both timing (Semple et  al., 2013) and molecular 
composition (Gargareta et al., 2022). In humans, gliogenesis begins 
prenatally and myelination spans years to decades; conversely, in 
rodents, OL development is largely postnatal and myelination typically 
concludes within weeks (Craig et al., 2003). On the molecular level, 
although core myelin proteins such as PLP, MBP, and CNP are 
conserved, detailed proteomic analyses reveal marked differences: for 
instance, proteins like PMP2 are specific to human CNS myelin, 
whereas tetraspanin-2 (TSPAN2) and connexin-29 (CX29/ GJC3) were 
restricted to mouse myelin (Gargareta et al., 2022). Altogether, these 
differences reflect underlying disparities in transcriptomic profiles, 
lineage dynamics and differentiation cues between species that can 
affect the integration and myelination outcome of xenotransplants.
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It has been well established that when human OPCs (hOPCs) or 
glial progenitor cells (hGPCs) are transplanted into mouse models, 
they demonstrate remarkable potential to restore myelin with some 
species-specific kinetics. That is, the intrinsic developmental pacing of 
human-derived cells remains slower than that of endogenous mouse 
counterparts, reflecting species-specific regulatory programs that 
influence migration, differentiation, and myelin maturation (Windrem 
et al., 2020). In the case of human derived neurons this can become 
an obstacle as in some instances human-derived tNs have been 
observed to be unable to recruit murine OLs to myelinate even in 
dense white matter tracks (Lu et al., 2014; Dell’Anno et al., 2018). 
While this may be attributable to a lack of inter-species recognition, 
there are reports showing examples of tN myelination in different 
injury models such as stroke (Palma-Tortosa et al., 2020; Martinez-
Curiel et al., 2025) and different models of SCI (Cummings et al., 
2005; Salazar et al., 2010; Erceg et al., 2010) (see Table 1). Therefore, 
the complex interplay between the injury microenvironment and the 
intrinsic properties of the donor cells affects the tN myelination 
outcome, highlighting the importance of analyzing and reporting this 
feature in future transplantation studies to have a better understanding 
of the instances that are permissive and beneficial to tNs myelination. 
Intriguingly, whether tN myelination efficiency or pattern recapitulates 
species-specific characteristics in the host has not been explored. 
Moreover, whether tOLs and host-OLs differentially myelinate tNs of 
different origins and show species-specific affinities, are still open 
questions. Taken together, these findings emphasize that while rodent 
models are indispensable for preclinical exploration, species-specific 
differences in myelination speed, protein composition, and cell 
regulation must be accounted for when translating results toward 
human therapies.

4.2.3 Donor cell biological sex
An often-overlooked cell intrinsic aspect that can affect the graft 

outcome is the biological sex of the transplanted cells. Grafts derived 
from male fetal spinal cord donors transplanted into female hosts 
following SCI featured extensive hypervascularization, increased 
vascular diameter, higher perivascular cell density, and greater T-cell 
infiltration compared to sex-matched or mixed grafts (Pitonak et al., 
2022). This highlights the importance of detailed characterization and 
reporting of the donor cell biological sex. Whether or not the sex 
match also influences tN myelination remains to be explored.

4.2.4 Donor cell developmental stage
Although fetal cells remain the most established donor source 

in the field, factors such as their topographic origin, 
developmental stage, and biological sex, must be  carefully 
considered, as each can significantly influence how the 
transplanted neurons integrate into the host environment. For 
example, the developmental stage at which embryonic rodent 
NPCs are harvested can profoundly influence graft composition, 
axonal outgrowth, host axon regeneration, and behavioral 
outcomes. Seminal work by Gaillard et al. (2003) demonstrated 
that parietal or occipital E12 cortical progenitors retained a 
remarkable degree of plasticity when transplanted into lesions 
where part of the parietal cortex was aspirated. Unlike cells 
harvested a later stages (E13–E16), which are more 
developmentally committed (Pinaudeau et al., 2000), E12 donor 
cells recapitulated the projection pattern of the surrounding 

neurons following heterotopic transplantation. Similarly, direct 
comparison of NPCs derived from embryonic days E11.5, E12.5 
(dorsal and ventral), and E13.5, revealed significant differences 
in graft integration after transplantation in SCI (Aceves et al., 
2023). Earlier-stage grafts (e.g., E11.5) exhibited greater axon 
outgrowth, were enriched for ventral spinal cord interneurons 
and Group-Z interneurons, and enhanced regeneration of host 
serotonergic (5-HT+) axons. In contrast, later-stage grafts (e.g., 
E13.5) were enriched in late-born dorsal horn interneuron 
subtypes and Group-N interneurons, supported more extensive 
ingrowth of host CGRP+ sensory axons, and were associated with 
increased thermal hypersensitivity. Notably, ventral E12.5 grafts 
exhibited the highest density of Olig2+ cells, while other groups 
showed no significant differences in Olig2+ cell abundance 
(Aceves et al., 2023). Myelination was not evaluated in this study; 
therefore, it remains to be determined whether higher numbers 
of Olig2+ cells or neuronal densities correlate with differential 
graft myelination across the different donor cell developmental 
stages. Whether the developmental stage of the donor cells also 
influences the host glial reaction or affects the propensity of the 
grafts to undergo myelination reminds to be determined.

In the case of human-derived iPSCs or NPCs, the differentiation 
stage of the starting donor cells also plays a role in graft diversification 
and survival. Generally, a “more defined” starting donor population, 
such as hNPC-derived neurons, undergoes less proliferation and less 
astrocytic differentiation compared to undifferentiated hNPCs after 
transplantation in vivo (Fortin et al., 2016). Furthermore, single-cell 
multiomic and barcode-based lineage tracing analyses have shown 
that even transcriptomically and epigenomically homogeneous 
starting hESC-derived DA progenitors can give rise to heterogeneous 
grafts after terminal differentiation in vivo in PD models (Tiklová 
et al., 2020; Storm et al., 2024). This suggests that longer cultures, 
sorting and transplantation of postmitotic cells could reduce the 
variability of the identity of the final graft in vivo. However, the sorting 
process and transplantation of fully mature cells tend to reduce graft 
survival and outgrowth, resulting in less effective integration (Fricker-
Gates et al., 2002; de Luzy et al., 2019; Storm et al., 2024). How the 
differentiation stage at the moment of transplantation and the final 
extent of graft heterogeneity in vivo may affect the myelination of tN 
in different host microenvironments has not been explored.

4.2.5 Donor cell activity
Similar to developmental maturation, activity-induced maturation 

can profoundly affect transplant integration. Several studies have used 
behavioral (Döbrössy and Dunnett, 2005), optogenetic (Daadi et  al., 
2016), chemogenetic (Kawai et al., 2021) or a combination (Yu et al., 2019) 
of these approaches to increase transplant activity. These interventions 
have consistently boosted survival and synaptic incorporation of grafts 
across different pathological contexts. Stimulated grafts upregulated genes 
involved in synaptic plasticity, neuronal differentiation, axonal guidance 
and downregulated genes for degeneration and inflammation, ultimately 
enhancing the functional outcome (Daadi et al., 2016; Kawai et al., 2021). 
Since neuronal activity is a well-studied driver for axonal myelination and 
myelin plasticity (Gibson et al., 2014; de Faria et al., 2019; Maas and 
Angulo, 2021), these interventions represent a potent driver of transplant 
interaction with the host OLs. Notably, Yu et al. (2019) reported that the 
daily activation of the luminopsin iPS-derived neural progenitors (LMO3-
iPS-NPCs) graft that can be  noninvasively activated by a luciferase 
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substrate (CTZ) or light, markedly enhanced axonal outgrowth and MBP 
expression in the peri-infarct stroke region. The authors did not assess 
specifically the myelination of the tN axons, thus it is not clear whether 
this is a generalized effect around the transplant site or a specific boost of 
MBP expression in the activated transplanted cells.

5 Discussion: How can 
myelin be beneficial for neuronal 
transplantation?

Attaining myelination of neuronal transplants is attracting more 
attention as this checkpoint could potentially aid not only the recovery 
of function but also help improving tNs survival, which can still 
be optimized in pre-clinical and clinical settings. Mounting evidence 
shows that OLs support neuronal functions and axonal homeostasis in 
various ways: by providing specialized extracellular vesicles 
(Chamberlain et al., 2021; Frühbeis et al., 2020) and energy substrates 
for axonal mitochondria (Lee et  al., 2012; Looser et  al., 2024), 
counteracting reactive oxygen species (Kassmann et al., 2007; Mukherjee 
et  al., 2020), and maintaining ion homeostasis (Kapell et  al., 2023; 
Marshall-Phelps et  al., 2020). Indeed, OL functions are required to 
prevent the degeneration of myelinated axons. Moreover, existing host 
myelin provides a growing scaffold for tNs axons. Both rat E14–derived 
NPCs and human-derived iPSCs grafted after SCI grew a significantly 
higher amount of tN axons in the host white matter compared to gray 
matter. Interestingly, IHC as well as EM analysis showed that 65% 
GFP-labeled graft-derived axons contacted a myelin membrane per field 
examined, which was significantly greater than predicted if axons 
randomly extended through the same fields (Poplawski et al., 2018). 
While this is promising, much more needs to be done to follow axonal 
pathways determining if axons are indeed fully or only partially 
myelinated, if the myelin is compact myelin, and if the appropriate 
internode length for the respective neuron is achieved.

As the importance of myelination for neuronal physiology 
cannot be  overstated, it is surprising that the neuronal 
replacement field has developed with little attention to this 
important aspect. This can stem from different technical and 
conceptual factors, as a thorough characterization of myelination 
in tNs requires comprehensive and multifaceted analyses. Firstly, 
the timeline of in  vivo studies that envision to assess mature 
characteristics of tNs would inevitably be prolonged to a few 
months, particularly in the case of human donor cells (Espuny-
Camacho et  al., 2013; Martinez-Curiel et  al., 2025), which in 
some cases is not feasible due to constraints on animal 
experimentation protocols. Secondly, demonstrating that myelin 
is unequivocally ensheathing tN axons requires the use of high 
precision confocal microscopy, axonal tracing and find 
co-localization with more than one immunomarkers for myelin 
internodes. In addition, the use of complementary ultrastructural 
analysis with electron microscopy would be necessary, especially 
in densely myelinated regions. However, to begin addressing 
whether tNs can achieve de novo myelination across diverse 
environments, injury models, species, and donor cell sources, 
we advocate for future transplantation studies to include at least 
one assay assessing myelin co-localization with tNs. Reporting 
the presence or absence of myelin in these contexts will 
contribute not only to overcome this major limitation if 
myelination is not achieved sufficiently, but also to foster better 

understanding of how myelination of tNs is regulated under 
varying conditions.

Author contributions

MM-R: Conceptualization, Data curation, Writing  – original 
draft, Investigation, Writing  – review & editing. MG: Funding 
acquisition, Writing  – original draft, Supervision, Investigation, 
Conceptualization, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This research was funded by the 
German Research Foundation TRR274 (No. 408885537, MG), FOR2879/2 
(No. 405358801, MG), SyNergy (EXC2145/Project-ID 390857198), the EU 
in the Consortium NSC Reconstruct (H2020, No. 874758) and a Frontiers 
in Research Fund Transformation grant to MG, funded through three 
Canadian federal funding agencies (CIHR, NSERC, and SSHRC). MM-R 
was supported by a Boehringer Ingelheim Fonds (BIF) PhD fellowship.

Acknowledgments

We are grateful to all members of the Götz Lab for inspiring 
discussions, in particular to Prof. Dr. Florence Bareyre, Dr. 
Florencia Merino, and Yiling Li, who gave great feedback to the 
manuscript. We also thank Dr. William Snider and Aparajita 
Kumar for language suggestions and proofreading.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that Gen AI was used in the creation of this 
manuscript. We  used OpenAI’s ChatGPT (GPT-4) for language 
proofreading during manuscript preparation. All content was 
reviewed and edited by the authors for accuracy.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors and 
do not necessarily represent those of their affiliated organizations, or those 
of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, 
is not guaranteed or endorsed by the publisher.

https://doi.org/10.3389/fncel.2025.1635551
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Martínez-Reza and Götz� 10.3389/fncel.2025.1635551

Frontiers in Cellular Neuroscience 15 frontiersin.org

References
Aceves, M., Tucker, A., Chen, J., Vo, K., Moses, J., Amar Kumar, P., et al. (2023). 

Developmental stage of transplanted neural progenitor cells influences anatomical and 
functional outcomes after spinal cord injury in mice. Commun. Biol. 6:544. doi: 
10.1038/s42003-023-04893-0

Adams, L., Song, M. K., Yuen, S., Tanaka, Y., and Kim, Y.-S. (2024). A single-nuclei 
paired multiomic analysis of the human midbrain reveals age- and Parkinson’s disease-
associated glial changes. Nat. Aging 4, 364–378. doi: 10.1038/s43587-024-00583-6

Adler, A. F., Lee-Kubli, C., Kumamaru, H., Kadoya, K., and Tuszynski, M. H. (2017). 
Comprehensive monosynaptic rabies virus mapping of host connectivity with neural 
progenitor grafts after spinal cord injury. Stem Cell Rep. 8, 1525–1533. doi: 
10.1016/j.stemcr.2017.04.004

Agarwal, D., Sandor, C., Volpato, V., Caffrey, T. M., Monzón-Sandoval, J., Bowden, R., 
et al. (2020). A single-cell atlas of the human substantia nigra reveals cell-specific 
pathways associated with neurological disorders. Nat. Commun. 11:4183. doi: 
10.1038/s41467-020-17876-0

Alto, L. T., Havton, L. A., Conner, J. M., Hollis, E. R., Blesch, A., and Tuszynski, M. H. 
(2009). Chemotropic guidance facilitates axonal regeneration and synapse formation 
after spinal cord injury. Nat. Neurosci. 12, 1106–1113. doi: 10.1038/nn.2365

Amlerova, Z., Chmelova, M., Anderova, M., and Vargova, L. (2024). Reactive gliosis 
in traumatic brain injury: a comprehensive review. Front. Cell. Neurosci. 18:1335849. doi: 
10.3389/fncel.2024.1335849

Andreoli, E., Petrenko, V., Constanthin, P. E., Contestabile, A., Bocchi, R., Egervari, K., 
et al. (2020). Transplanted embryonic neurons improve functional recovery by 
increasing activity in injured cortical circuits. Cereb. Cortex 30, 4708–4725. doi: 
10.1093/cercor/bhaa075

Back, A. M., Connor, B., and McCaughey-Chapman, A. (2024). Oligodendrocytes in 
Huntington’s disease: a review of oligodendrocyte pathology and current cell 
reprogramming approaches for oligodendrocyte modelling of Huntington’s disease. J. 
Neurosci. Res. 102:e70010. doi: 10.1002/jnr.70010

Ballout, N., Frappé, I., Péron, S., Jaber, M., Zibara, K., and Gaillard, A. (2016). 
Development and maturation of embryonic cortical neurons grafted into the damaged 
adult motor cortex. Front. Neural Circuits 10:55. doi: 10.3389/fncir.2016.00055

Ballout, N., Rochelle, T., Brot, S., Bonnet, M. L., Francheteau, M., Prestoz, L., et al. 
(2019). Characterization of inflammation in delayed cortical transplantation. Front. Mol. 
Neurosci. 12:160. doi: 10.3389/fnmol.2019.00160

Barker, R. A., Barrett, J., Mason, S. L., and Björklund, A. (2013). Fetal dopaminergic 
transplantation trials and the future of neural grafting in Parkinson’s disease. Lancet 
Neurol. 12, 84–91. doi: 10.1016/S1474-4422(12)70295-8

Barnabé-Heider, F., Göritz, C., Sabelström, H., Takebayashi, H., Pfrieger, F. W., 
Meletis, K., et al. (2010). Origin of new glial cells in intact and injured adult spinal cord. 
Cell Stem Cell 7, 470–482. doi: 10.1016/j.stem.2010.07.014

Bechler, M. E., Byrne, L., and Ffrench-Constant, C. (2015). CNS myelin sheath lengths 
are an intrinsic property of oligodendrocytes. Curr. Biol. 25, 2411–2416. doi: 
10.1016/j.cub.2015.07.056

Bei, F., Lee, H. H. C., Liu, X., Gunner, G., Jin, H., Ma, L., et al. (2016). Restoration of 
visual function by enhancing conduction in regenerated axons. Cell 164, 219–232. doi: 
10.1016/j.cell.2015.11.036

Ben-Hur, T. (2008). Immunomodulation by neural stem cells. J. Neurol. Sci. 265, 
102–104. doi: 10.1016/j.jns.2007.05.007

Bergles, D. E., and Richardson, W. D. (2016). Oligodendrocyte development and 
plasticity. Cold Spring Harb. Perspect. Biol. 8:a020453. doi: 10.1101/cshperspect.a020453

Besusso, D., Schellino, R., Boido, M., Belloli, S., Parolisi, R., Conforti, P., et al. (2020). 
Stem cell-derived human striatal progenitors innervate striatal targets and alleviate 
sensorimotor deficit in a rat model of Huntington disease. Stem Cell Rep. 14, 876–891. 
doi: 10.1016/j.stemcr.2020.03.018

Bishop, G. A., Chang, H. T., and Kitai, S. T. (1982). Morphological and physiological 
properties of neostriatal neurons: an intracellular horseradish peroxidase study in the 
rat. Neuroscience 7, 179–191. doi: 10.1016/0306-4522(82)90159-2

Björklund, A., and Parmar, M. (2020). Neuronal replacement as a tool for basal ganglia 
circuitry repair: 40 years in perspective. Front. Cell. Neurosci. 14:146. doi: 
10.3389/fncel.2020.00146

Boshkovski, T., Cohen-Adad, J., Misic, B., Arnulf, I., Corvol, J. C., Vidailhet, M., et al. 
(2022). The myelin-weighted connectome in Parkinson’s disease. Mov. Disord. 37, 
724–733. doi: 10.1002/mds.28891

Braak, H., and Del Tredici, K. (2004). Poor and protracted myelination as a 
contributory factor to neurodegenerative disorders. Neurobiol. Aging 25, 19–23. doi: 
10.1016/j.neurobiolaging.2003.04.001

Bretzner, F., Gilbert, F., Baylis, F., and Brownstone, R. M. (2011). Target populations 
for first-in-human embryonic stem cell research in spinal cord injury. Cell Stem Cell 8, 
468–475. doi: 10.1016/j.stem.2011.04.012

Bryois, J., Skene, N. G., Hansen, T. F., LJA, K., Watson, H. J., and Liu, Z. (2020). Genetic 
identification of cell types underlying brain complex traits yields insights into the etiology 
of Parkinson’s disease. Nat. Genet. 52, 482–493. doi: 10.1038/s41588-020-0610-9

Buchet, D., and Baron-Van Evercooren, A. (2009). In search of human oligodendroglia 
for myelin repair. Neurosci. Lett. 456, 112–119. doi: 10.1016/j.neulet.2008.09.086

Burns, A. S., Lee, B. S., Ditunno, J. F., and Tessler, A. (2003). Patient selection for 
clinical trials: the reliability of the early spinal cord injury examination. J. Neurotrauma 
20, 477–482. doi: 10.1089/089771503765355540

Caldwell, M., Ayo-Jibunoh, V., Mendoza, J. C., Brimblecombe, K. R., Reynolds, L. M., 
Zhu Jiang, X. Y., et al. (2023). Axo-glial interactions between midbrain dopamine 
neurons and oligodendrocyte lineage cells in the anterior corpus callosum. Brain 
Struct. Funct. 228, 1993–2006. doi: 10.1007/s00429-023-02695-y

Call, C. L., and Bergles, D. E. (2021). Cortical neurons exhibit diverse myelination 
patterns that scale between mouse brain regions and regenerate after demyelination. Nat. 
Commun. 12:4767. doi: 10.1038/s41467-021-25035-2

Cao, Q. L., Ping Zhang, Y., Howard, R. M., Walters, W. M., Tsoulfas, P., and 
Whittemore, S. R. (2001). Pluripotent stem cells engrafted into the normal or lesioned 
adult rat spinal cord are restricted to a glial lineage. Exp. Neurol. 167, 48–58. doi: 
10.1006/exnr.2000.7536

Cardoso, T., Adler, A. F., Mattsson, B., Hoban, D. B., Nolbrant, S., Wahlestedt, J. N., 
et al. (2018). Target-specific forebrain projections and appropriate synaptic inputs of 
hESC-derived dopamine neurons grafted to the midbrain of parkinsonian rats. J. Comp. 
Neurol. 526, 2133–2146. doi: 10.1002/cne.24500

Carmichael, S. T. (2016). The 3 Rs of stroke biology: radial, relayed, and regenerative. 
Neurotherapeutics 13, 348–359. doi: 10.1007/s13311-015-0408-0

Cavazzin, C., Ferrari, D., Facchetti, F., Russignan, A., Vescovi, A. L., La Porta, C. A., 
et al. (2006). Unique expression and localization of aquaporin-4 and aquaporin-9 in 
murine and human neural stem cells and in their glial progeny. Glia 53, 167–181. doi: 
10.1002/glia.20256

Chamberlain, K. A., Huang, N., Xie, Y., LiCausi, F., Li, S., Li, Y., et al. (2021). 
Oligodendrocytes enhance axonal energy metabolism by deacetylation of mitochondrial 
proteins through transcellular delivery of SIRT2. Neuron 109, 3456–3472.e8. doi: 
10.1016/j.neuron.2021.08.011

Chen, Y., Song, F., Mengjiao, T., Wu, S., He, X., Liu, H., et al. (2022). Quantitative 
proteomics revealed extensive microenvironmental changes after stem cell transplantation 
in ischemic stroke. Front. Med. 16, 429–441. doi: 10.1007/s11684-021-0842-9

Chong, S. Y., Rosenberg, S. S., Fancy, S. P., Zhao, C., Shen, Y. A., Hahn, A. T., et al. 
(2012). Neurite outgrowth inhibitor Nogo-A establishes spatial segregation and extent 
of oligodendrocyte myelination. Proc. Natl. Acad. Sci.U.S.A. 109, 1299–1304. doi: 
10.1073/pnas.1113540109

Chung, K., and Coggeshall, R. E. (1983). Numbers of axons in lateral and ventral 
funiculi of rat sacral spinal cord. J. Comp. Neurol. 214, 72–78. doi: 10.1002/cne.902140107

Connor, J. R., and Menzies, S. L. (1996). Relationship of iron to oligondendrocytes and 
myelination. Glia 17, 83–93. doi: 10.1002/(SICI)1098-1136(199606)17:2<83::AID- 
GLIA1>3.0.CO;2-7

Craig, A., Luo, N. L., Beardsley, D. J., Wingate-Pearse, N., Walker, D. W., 
Hohimer, A. R., et al. (2003). Quantitative analysis of perinatal rodent oligodendrocyte 
lineage progression and its correlation with human. Exp. Neurol. 181, 231–240. doi: 
10.1016/S0014-4886(03)00032-3

Crutcher, K. A. (1990). Age-related decrease in sympathetic sprouting is primarily due 
to decreased target receptivity: implications for understanding brain aging. Neurobiol. 
Aging 11, 175–183. doi: 10.1016/0197-4580(90)90543-9

Culbreth, M. E., Harrill, J. A., Freudenrich, T. M., Mundy, W. R., and Shafer, T. J. 
(2012). Comparison of chemical-induced changes in proliferation and apoptosis in 
human and mouse neuroprogenitor cells. NeuroToxicology 27, 1499–1510. doi: 
10.1016/j.neuro.2012.05.012

Cummings, B. J., Uchida, N., Tamaki, S. J., Salazar, D. L., Hooshmand, M., 
Summers, R., et al. (2005). Human neural stem cells differentiate and promote locomotor 
recovery in spinal cord-injured mice. Proc. Natl. Acad. Sci. U.S.A. 102, 14069–14074. 
doi: 10.1073/pnas.0507063102

Daadi, M. M., Klausner, J. Q., Bajar, B., Goshen, I., Lee-Messer, C., Lee, S. Y., et al. 
(2016). Optogenetic stimulation of neural grafts enhances neurotransmission and 
downregulates the inflammatory response in experimental stroke model. Cell Transplant. 
25, 1371–1380. doi: 10.3727/096368915X688533

de Faria, O. Jr., Gonsalvez, D. G., Nicholson, M., and Xiao, J. (2019). Activity-
dependent central nervous system myelination throughout life. J. Neurochem. 148, 
447–461. doi: 10.1111/jnc.14592

de Luzy, I. R., Niclis, J. C., Gantner, C. W., Kauhausen, J. A., CPJ, H., Ermine, C., et al. 
(2019). Isolation of LMX1a ventral midbrain progenitors improves the safety and 
predictability of human pluripotent stem cell-derived neural transplants in Parkinsonian 
disease. J Neurosci. 39, 9521–9531. doi: 10.1523/JNEUROSCI.1160-19.2019

Dehestani, M., Kozareva, V., Blauwendraat, C., Fraenkel, E., Gasser, T., and Bansal, V. 
(2024). Transcriptomic changes in oligodendrocytes and precursor cells associate with 
clinical outcomes of Parkinson’s disease. Mol. Brain 17:56. doi: 10.1186/s13041-024-01128-z

Dell’Anno, M. T., Wang, X., Onorati, M., Li, M., Talpo, F., Sekine, Y., et al. (2018). 
Human neuroepithelial stem cell regional specificity enables spinal cord repair through 
a relay circuit. Nat. Commun. 9:3419. doi: 10.1038/s41467-018-05844-8

https://doi.org/10.3389/fncel.2025.1635551
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s42003-023-04893-0
https://doi.org/10.1038/s43587-024-00583-6
https://doi.org/10.1016/j.stemcr.2017.04.004
https://doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.1038/nn.2365
https://doi.org/10.3389/fncel.2024.1335849
https://doi.org/10.1093/cercor/bhaa075
https://doi.org/10.1002/jnr.70010
https://doi.org/10.3389/fncir.2016.00055
https://doi.org/10.3389/fnmol.2019.00160
https://doi.org/10.1016/S1474-4422(12)70295-8
https://doi.org/10.1016/j.stem.2010.07.014
https://doi.org/10.1016/j.cub.2015.07.056
https://doi.org/10.1016/j.cell.2015.11.036
https://doi.org/10.1016/j.jns.2007.05.007
https://doi.org/10.1101/cshperspect.a020453
https://doi.org/10.1016/j.stemcr.2020.03.018
https://doi.org/10.1016/0306-4522(82)90159-2
https://doi.org/10.3389/fncel.2020.00146
https://doi.org/10.1002/mds.28891
https://doi.org/10.1016/j.neurobiolaging.2003.04.001
https://doi.org/10.1016/j.stem.2011.04.012
https://doi.org/10.1038/s41588-020-0610-9
https://doi.org/10.1016/j.neulet.2008.09.086
https://doi.org/10.1089/089771503765355540
https://doi.org/10.1007/s00429-023-02695-y
https://doi.org/10.1038/s41467-021-25035-2
https://doi.org/10.1006/exnr.2000.7536
https://doi.org/10.1002/cne.24500
https://doi.org/10.1007/s13311-015-0408-0
https://doi.org/10.1002/glia.20256
https://doi.org/10.1016/j.neuron.2021.08.011
https://doi.org/10.1007/s11684-021-0842-9
https://doi.org/10.1073/pnas.1113540109
https://doi.org/10.1002/cne.902140107
https://doi.org/10.1002/(SICI)1098-1136(199606)17:2<83::AID-GLIA1>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1098-1136(199606)17:2<83::AID-GLIA1>3.0.CO;2-7
https://doi.org/10.1016/S0014-4886(03)00032-3
https://doi.org/10.1016/0197-4580(90)90543-9
https://doi.org/10.1016/j.neuro.2012.05.012
https://doi.org/10.1073/pnas.0507063102
https://doi.org/10.3727/096368915X688533
https://doi.org/10.1111/jnc.14592
https://doi.org/10.1523/JNEUROSCI.1160-19.2019
https://doi.org/10.1186/s13041-024-01128-z
https://doi.org/10.1038/s41467-018-05844-8


Martínez-Reza and Götz� 10.3389/fncel.2025.1635551

Frontiers in Cellular Neuroscience 16 frontiersin.org

Dent, K. A., Christie, K. J., Bye, N., Basrai, H. S., Turbic, A., Habgood, M., et al. (2015). 
Oligodendrocyte birth and death following traumatic brain injury in adult mice. PLoS 
One 10:e0121541. doi: 10.1371/journal.pone.0121541

Dewar, D., Underhill, S. M., and Goldberg, M. P. (2003). Oligodendrocytes and 
ischemic brain injury. J. Cereb. Blood Flow Metab. 23, 263–274. doi: 
10.1097/01.WCB.0000053472.41007.F9

Dietz, K. C., Polanco, J. J., Pol, S. U., and Sim, F. J. (2016). Targeting human 
oligodendrocyte progenitors for myelin repair. Exp. Neurol. 283, 489–500. doi: 
10.1016/j.expneurol.2016.03.017

Dimou, L., and Simons, M. (2017). Diversity of oligodendrocytes and their 
progenitors. Curr. Opin. Neurobiol. 47, 73–79. doi: 10.1016/j.conb.2017.09.015

Döbrössy, M. D., and Dunnett, S. B. (2005). Optimising plasticity: environmental and 
training associated factors in transplant-mediated brain repair. Rev. Neurosci. 16, 1–22. 
doi: 10.1515/REVNEURO.2005.16.1.1

Doeppner, T. R., Kaltwasser, B., Teli, M. K., Bretschneider, E., Bähr, M., and 
Hermann, D. M. (2014). Effects of acute versus post-acute systemic delivery of neural 
progenitor cells on neurological recovery and brain remodeling after focal cerebral 
ischemia in mice. Cell Death Dis. 5:e1386. doi: 10.1038/cddis.2014.359

Droguerre, M., Brot, S., Vitrac, C., Benoit-Marand, M., Belnoue, L., Patrigeon, M., 
et al. (2022). Better outcomes with intranigral versus intrastriatal cell 
transplantation: relevance for Parkinson’s disease. Cells 11:1191. doi: 
10.3390/cells11071191

Eftekharpour, E., Karimi-Abdolrezaee, S., and Fehlings, M. G. (2008). Current status 
of experimental cell replacement approaches to spinal cord injury. Neurosurg. Focus. 
24:E19. doi: 10.3171/FOC/2008/24/3-4/E18

Einstein, O., Friedman-Levi, Y., Grigoriadis, N., and Ben-Hur, T. (2009). Transplanted 
neural precursors enhance host brain-derived myelin regeneration. J. Neurosci. 29, 
15694–15702. doi: 10.1523/JNEUROSCI.3364-09.2009

Erceg, S., Ronaghi, M., Oria, M., Roselló, M. G., Aragó, M. A., Lopez, M. G., et al. 
(2010). Transplanted oligodendrocytes and motoneuron progenitors generated from 
human embryonic stem cells promote locomotor recovery after spinal cord transection. 
Stem Cells 28, 1541–1549. doi: 10.1002/stem.489

Espuny-Camacho, I., Michelsen, K. A., Gall, D., Linaro, D., Hasche, A., Bonnefont, J., 
et al. (2013). Pyramidal neurons derived from human pluripotent stem cells integrate 
efficiently into mouse brain circuits in  vivo. Neuron 77, 440–456. doi: 
10.1016/j.neuron.2012.12.011

Espuny-Camacho, I., Michelsen, K. A., Linaro, D., Bilheu, A., Acosta-Verdugo, S., 
Herpoel, A., et al. (2018). Human pluripotent stem-cell-derived cortical neurons 
integrate functionally into the lesioned adult murine visual cortex in an area-specific 
way. Cell Rep. 23, 2732–2743. doi: 10.1016/j.celrep.2018.04.094

Falkner, S., Grade, S., Dimou, L., Conzelmann, K. K., Bonhoeffer, T., Götz, M., et al. 
(2016). Transplanted embryonic neurons integrate into adult neocortical circuits. Nature 
539, 248–253. doi: 10.1038/nature20113

Fernández-Arjona, M. D. M., Grondona, J. M., Granados-Durán, P., 
Fernández-Llebrez, P., and López-Ávalos, M. D. (2017). Microglia morphological 
categorization in a rat model of neuroinflammation by hierarchical cluster and 
principal components analysis. Front. Cell. Neurosci. 11:235. doi: 
10.3389/fncel.2017.00235

Fitzgerald, J. C., Sun, Y., Reinecke, F., Bauer, E., Garaschuk, O., Kahle, P. J., et al. (2025). 
Interactions of oligodendrocyte precursor cells and dopaminergic neurons in the mouse 
substantia nigra. J. Neurochem. 169:e16298. doi: 10.1111/jnc.16298

Floriddia, E. M., Lourenço, T., Zhang, S., van Bruggen, D., Hilscher, M. M., Kukanja, P., 
et al. (2020). Distinct oligodendrocyte populations have spatial preference and different 
responses to spinal cord injury. Nat. Commun. 11:5860. doi: 10.1038/s41467-020-19453-x

Foerster, S., Hill, M. F. E., and Franklin, R. J. M. (2019). Diversity in the 
oligodendrocyte lineage: plasticity or heterogeneity? Glia 67, 1797–1805. doi: 
10.1002/glia.23607

Fortin, J. M., Azari, H., Zheng, T., Darioosh, R. P., Schmoll, M. E., Vedam-Mai, V., et al. 
(2016). Transplantation of defined populations of differentiated human neural stem cell 
progeny. Sci. Rep. 6:23579. doi: 10.1038/srep23579

Franklin, R. J. M., and Ffrench-Constant, C. (2008). Remyelination in the CNS: from 
biology to therapy. Nat. Rev. Neurosci. 9, 839–855. doi: 10.1038/nrn2480

Franklin, R. J., and Hinks, G. L. (1999). Understanding CNS remyelination: clues from 
developmental and regeneration biology. J. Neurosci. Res. 58, 207–213. doi: 
10.1002/(SICI)1097-4547(19991015)58:2%253C207::AID-JNR1%253E3.0.CO;2-1

Fricker-Gates, R. A., Shin, J. J., Tai, C. C., Catapano, L. A., and Macklis, J. D. (2002). 
Late-stage immature neocortical neurons reconstruct interhemispheric connections and 
form synaptic contacts with increased efficiency in adult mouse cortex undergoing 
targeted neurodegeneration. J. Neurosci. 22, 4045–4056. doi: 
10.1523/JNEUROSCI.22-10-04045.2002

Fröhlich, N., Nagy, B., Hovhannisyan, A., and Kukley, M. (2011). Fate of neuron-glia 
synapses during proliferation and differentiation of NG2 cells. J. Anat. 219, 18–32. doi: 
10.1111/j.1469-7580.2011.01392.x

Frühbeis, C., Kuo-Elsner, W. P., Müller, C., Barth, K., Peris, L., Tenzer, S., et al. (2020). 
Oligodendrocytes support axonal transport and maintenance via exosome secretion. 
PLoS Biol. 18:e3000621. doi: 10.1371/journal.pbio.3000621

Gaillard, A., Nasarre, C., and Roger, M. (2003). Early (E12) cortical progenitors can 
change their fate upon heterotopic transplantation. Eur. J. Neurosci. 17, 1375–1383. doi: 
10.1046/j.1460-9568.2003.02576.x

Gaillard, A., Prestoz, L., Dumartin, B., Cantereau, A., Morel, F., Roger, M., et al. (2007). 
Reestablishment of damaged adult motor pathways by grafted embryonic cortical 
neurons. Nat. Neurosci. 10, 1294–1299. doi: 10.1038/nn1970

Gargareta, V.-I., Reuschenbach, J., Siems, S. B., Sun, T., Piepkorn, L., Mangana, C., et al. 
(2022). Conservation and divergence of myelin proteome and oligodendrocyte 
transcriptome profiles between humans and mice. eLife 11:e77019. doi: 10.7554/eLife.77019

George, S., Rey, N. L., Tyson, T., Esquibel, C., Meyerdirk, L., Schulz, E., et al. (2019). 
Microglia affect α-synuclein cell-to-cell transfer in a mouse model of Parkinson’s disease. 
Mol. Neurodegener. 14:34. doi: 10.1186/s13024-019-0335-3

Ghelman, J., Grewing, L., Windener, F., Albrecht, S., Zarbock, A., and Kuhlmann, T. 
(2021). SKAP2 as a new regulator of oligodendroglial migration and myelin sheath 
formation. Glia 69, 2699–2716. doi: 10.1002/glia.24066

Gibson, E. M., Nagaraja, S., Ocampo, A., Tam, L. T., Wood, L. S., Pallegar, P. N., et al. 
(2019). Methotrexate chemotherapy induces persistent tri-glial dysregulation that 
underlies chemotherapy-related cognitive impairment. Cell 176, 43–55.e13. doi: 
10.1016/j.cell.2018.10.049

Gibson, E. M., Purger, D., Mount, C. W., Goldstein, A. K., Lin, G. L., Wood, L. S., 
et al. (2014). Neuronal activity promotes oligodendrogenesis and adaptive myelination 
in the mammalian brain. Science 344:1252304. doi: 10.1126/science.1252304

Goebbels, S., Wieser, G. L., Pieper, A., Spitzer, S., Weege, B., Yan, K., et al. (2017). A 
neuronal PI(3,4,5)P3-dependent program of oligodendrocyte precursor recruitment and 
myelination. Nat. Neurosci. 20, 10–15. doi: 10.1038/nn.4425

Gosselin, D., Skola, D., Coufal, N. G., Holtman, I. R., JCM, S., Sajti, E., et al. (2017). 
An environment-dependent transcriptional network specifies human microglia identity. 
Science 356:eaal3222. doi: 10.1126/science.aal3222

Grade, S., and Götz, M. (2017). Neuronal replacement therapy: previous achievements 
and challenges ahead. npj Regen. Med. 2:29. doi: 10.1038/s41536-017-0033-0

Grade, S., Thomas, J., Zarb, Y., Thorwirth, M., Conzelmann, K. K., Hauck, S. M., et al. 
(2022). Brain injury environment critically influences the connectivity of transplanted 
neurons. Sci. Adv. 8:eabg9445. doi: 10.1126/sciadv.abg9445

Grealish, S., Diguet, E., Kirkeby, A., Mattsson, B., Heuer, A., Bramoulle, Y., et al. 
(2014). Human ESC-derived dopamine neurons show similar preclinical efficacy and 
potency to fetal neurons when grafted in a rat model of Parkinson’s Disease. Cell Stem 
Cell 15, 653–665. doi: 10.1016/j.stem.2014.09.017

Greene, G., Pothayee, N., Jahanipour, J., Jie, H., Tao-Cheng, J. H., Petrus, E., et al. 
(2025). Age-dependent integration of cortical progenitors transplanted at CSF-
neurogenic niche interface. Front. Cell Dev. Biol. 13:1577045. doi: 
10.3389/fcell.2025.1577045

Han, W., Meißner, E.-M., Neunteibl, S., Günther, M., Kahnt, J., Dolga, A., et al. (2023). 
Dying transplanted neural stem cells mediate survival bystander effects in the injured 
brain. Cell Death Dis. 14:173. doi: 10.1038/s41419-023-05698-z

Harary, P. M., Jgamadze, D., Kim, J., Wolf, J. A., Song, H., Ming, G. L., et al. (2023). 
Cell replacement therapy for brain repair: recent progress and remaining challenges for 
treating Parkinson’s disease and cortical injury. Brain Sci. 13:1654. doi: 
10.3390/brainsci13121654

Hill, R. A., Li, A. M., and Grutzendler, J. (2018). Lifelong cortical myelin plasticity and 
age-related degeneration in the live mammalian brain. Nat. Neurosci. 21, 683–695. doi: 
10.1038/s41593-018-0120-6

Hilscher, M. M., Langseth, C. M., Kukanja, P., Yokota, C., Nilsson, M., and 
Castelo-Branco, G. (2022). Spatial and temporal heterogeneity in the lineage progression 
of fine oligodendrocyte subtypes. BMC Biol. 20:122. doi: 10.1186/s12915-022-01325-z

Hilton, B. J., and Bradke, F. (2017). Can injured adult CNS axons regenerate by 
recapitulating development? Development 144, 3417–3429. doi: 10.1242/dev.148312

Holley, S. M., Reidling, J. C., Cepeda, C., Wu, J., Lim, R. G., Lau, A., et al. (2023). 
Transplanted human neural stem cells rescue phenotypes in zQ175 Huntington’s disease 
mice and innervate the striatum. Mol. Ther. 31, 3545–3563. doi: 
10.1016/j.ymthe.2023.10.003

Horiuchi, M., Itoh, A., Pleasure, D., and Itoh, T. (2006). MEK-ERK signaling is 
involved in interferon-γ-induced death of oligodendroglial progenitor cells. J. Biol. 
Chem. 281, 20095–20106. doi: 10.1074/jbc.M603179200

Hunt, M., Paul, L., and Tuszynski, M. H. (2017). Myelination of axons emerging from 
neural progenitor grafts after spinal cord injury. Exp. Neurol. 296, 69–73. doi: 
10.1016/j.expneurol.2017.07.005

Ishizaka, S., Horie, N., Satoh, K., Fukuda, Y., Nishida, N., and Nagata, I. (2013). Intra-
arterial cell transplantation provides timing-dependent cell distribution and functional 
recovery after stroke. Stroke 44, 720–726. doi: 10.1161/STROKEAHA.112.677328

Jeon, J., Cha, Y., Hong, Y. J., Lee, I. H., Jang, H., Ko, S., et al. (2025). Pre-clinical safety 
and efficacy of human induced pluripotent stem cell-derived products for autologous 
cell therapy in Parkinson’s disease. Cell Stem Cell 32, 343–360.e7. doi: 
10.1016/j.stem.2025.01.006

Jokhi, V., Domínguez-Iturza, N., Kim, K., Shetty, A. S., Yuan, W., Di Bella, D., et al. 
(2024). Neuronal-class specific molecular cues drive differential myelination in the 

https://doi.org/10.3389/fncel.2025.1635551
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0121541
https://doi.org/10.1097/01.WCB.0000053472.41007.F9
https://doi.org/10.1016/j.expneurol.2016.03.017
https://doi.org/10.1016/j.conb.2017.09.015
https://doi.org/10.1515/REVNEURO.2005.16.1.1
https://doi.org/10.1038/cddis.2014.359
https://doi.org/10.3390/cells11071191
https://doi.org/10.3171/FOC/2008/24/3-4/E18
https://doi.org/10.1523/JNEUROSCI.3364-09.2009
https://doi.org/10.1002/stem.489
https://doi.org/10.1016/j.neuron.2012.12.011
https://doi.org/10.1016/j.celrep.2018.04.094
https://doi.org/10.1038/nature20113
https://doi.org/10.3389/fncel.2017.00235
https://doi.org/10.1111/jnc.16298
https://doi.org/10.1038/s41467-020-19453-x
https://doi.org/10.1002/glia.23607
https://doi.org/10.1038/srep23579
https://doi.org/10.1038/nrn2480
https://doi.org/10.1002/(SICI)1097-4547(19991015)58:2%253C207::AID-JNR1%253E3.0.CO;2-1
https://doi.org/10.1523/JNEUROSCI.22-10-04045.2002
https://doi.org/10.1111/j.1469-7580.2011.01392.x
https://doi.org/10.1371/journal.pbio.3000621
https://doi.org/10.1046/j.1460-9568.2003.02576.x
https://doi.org/10.1038/nn1970
https://doi.org/10.7554/eLife.77019
https://doi.org/10.1186/s13024-019-0335-3
https://doi.org/10.1002/glia.24066
https://doi.org/10.1016/j.cell.2018.10.049
https://doi.org/10.1126/science.1252304
https://doi.org/10.1038/nn.4425
https://doi.org/10.1126/science.aal3222
https://doi.org/10.1038/s41536-017-0033-0
https://doi.org/10.1126/sciadv.abg9445
https://doi.org/10.1016/j.stem.2014.09.017
https://doi.org/10.3389/fcell.2025.1577045
https://doi.org/10.1038/s41419-023-05698-z
https://doi.org/10.3390/brainsci13121654
https://doi.org/10.1038/s41593-018-0120-6
https://doi.org/10.1186/s12915-022-01325-z
https://doi.org/10.1242/dev.148312
https://doi.org/10.1016/j.ymthe.2023.10.003
https://doi.org/10.1074/jbc.M603179200
https://doi.org/10.1016/j.expneurol.2017.07.005
https://doi.org/10.1161/STROKEAHA.112.677328
https://doi.org/10.1016/j.stem.2025.01.006


Martínez-Reza and Götz� 10.3389/fncel.2025.1635551

Frontiers in Cellular Neuroscience 17 frontiersin.org

neocortex. bioRxiv. Available online at: https://doi.org/10.1101/2024.02.20.581268. 
[Epub ahead of preprint]

Jurewicz, A., Matysiak, M., Tybor, K., Kilianek, L., Raine, C. S., and Selmaj, K. 
(2005). Tumour necrosis factor-induced death of adult human oligodendrocytes is 
mediated by apoptosis inducing factor. Brain 128, 2675–2688. doi: 
10.1093/brain/awh627

Kam, T.-I., Hinkle, J. T., Dawson, T. M., and Dawson, V. L. (2020). Microglia and 
astrocyte dysfunction in Parkinson’s disease. Neurobiol. Dis. 144:105028. doi: 
10.1016/j.nbd.2020.105028

Kapell, H., Fazio, L., Dyckow, J., Schwarz, S., Cruz-Herranz, A., Mayer, C., et al. (2023). 
Neuron-oligodendrocyte potassium shuttling at nodes of ranvier protects against 
inflammatory demyelination. J. Clin. Invest. 133:e164223. doi: 10.1172/JCI164223

Kassmann, C. M., Lappe-Siefke, C., Baes, M., Brügger, B., Mildner, A., Werner, H. B., 
et al. (2007). Axonal loss and neuroinflammation caused by peroxisome-deficient 
oligodendrocytes. Nat. Genet. 39, 969–976. doi: 10.1038/ng2070

Kauhausen, J. A., Thompson, L. H., and Parish, C. L. (2015). Chondroitinase improves 
midbrain pathway reconstruction by transplanted dopamine progenitors in 
parkinsonian mice. Mol. Cell. Neurosci. 69, 22–29. doi: 10.1016/j.mcn.2015.10.002

Kawai, M., Imaizumi, K., Ishikawa, M., Shibata, S., Shinozaki, M., Shibata, T., et al. 
(2021). Long-term selective stimulation of transplanted neural stem/progenitor cells for 
spinal cord injury improves locomotor function. Cell Rep. 37:110019. doi: 
10.1016/j.celrep.2021.110019

Keene, C. D., Chang, R. C., Leverenz, J. B., Kopyov, O., Perlman, S., Hevner, R. F., et al. 
(2009). A patient with Huntington’s disease and long-surviving fetal neural transplants that 
developed mass lesions. Acta Neuropathol. 117, 329–338. doi: 10.1007/s00401-008-0465-0

Khakh, B. S., Beaumont, V., Cachope, R., Munoz-Sanjuan, I., Goldman, S. A., and 
Grantyn, R. (2017). Unravelling and exploiting astrocyte dysfunction in Huntington’s 
disease. Trends Neurosci. 40, 422–437. doi: 10.1016/j.tins.2017.05.002

Khazaei, M., Ahuja, C. S., Nakashima, H., Nagoshi, N., Li, L., Wang, J., et al. (2020). GDNF 
rescues the fate of neural progenitor grafts by attenuating notch signals in the injured spinal 
cord in rodents. Sci. Transl. Med. 12:eaau3538. doi: 10.1126/scitranslmed.aau3538

Kim, H. S., Jeon, I., Noh, J.-E., Lee, H., Hong, K. S., Lee, N., et al. (2020). Intracerebral 
transplantation of BDNF-overexpressing human neural stem cells (HB1.F3.BDNF) 
promotes migration, differentiation and functional recovery in a rodent model of 
Huntington’s disease. Exp. Neurobiol. 29, 130–137. doi: 10.5607/en20011

Kinouchi, R., Takeda, M., Yang, L., Wilhelmsson, U., Lundkvist, A., Pekny, M., et al. 
(2003). Robust neural integration from retinal transplants in mice deficient in GFAP and 
vimentin. Nat. Neurosci. 6, 863–868. doi: 10.1038/nn1088

Kirkeby, A., Main, H., and Carpenter, M. (2025). Pluripotent stem-cell-derived 
therapies in clinical trial: a 2025 update. Cell Stem Cell 32, 10–37. doi: 
10.1016/j.stem.2024.12.005

Laterza, C., Uoshima, N., Tornero, D., Wilhelmsson, U., Stokowska, A., Ge, R., et al. 
(2018). Attenuation of reactive gliosis in stroke-injured mouse brain does not affect 
neurogenesis from grafted human iPSC-derived neural progenitors. PLoS One 
13:e0192118. doi: 10.1371/journal.pone.0192118

Lee, S. H., Jin, K. S., Bang, O. Y., Kim, B. J., Park, S. J., Lee, N. H., et al. (2015). Differential 
migration of mesenchymal stem cells to ischemic regions after middle cerebral artery 
occlusion in rats. PLoS One 10:e0134920. doi: 10.1371/journal.pone.0134920

Lee, Y., Morrison, B. M., Li, Y., Lengacher, S., Farah, M. H., Hoffman, P. N., et al. 
(2012). Oligodendroglia metabolically support axons and contribute to 
neurodegeneration. Nature 487, 443–448. doi: 10.1038/nature11314

Li, Y., Brewer, D., Burke, R. E., and Ascoli, G. A. (2005). Developmental changes in 
spinal motoneuron dendrites in neonatal mice. J. Comp. Neurol. 483, 304–317. doi: 
10.1002/cne.20438

Li, J.-Y., Englund, E., Holton, J. L., Soulet, D., Hagell, P., Lees, A. J., et al. (2008). Lewy 
bodies in grafted neurons in subjects with Parkinson’s disease suggest host-to-graft 
disease propagation. Nat. Med. 14, 501–503. doi: 10.1038/nm1746

Looser, Z. J., Faik, Z., Ravotto, L., Zanker, H. S., Jung, R. B., Werner, H. B., et al. (2024). 
Oligodendrocyte-axon metabolic coupling is mediated by extracellular K+ and maintains 
axonal health. Nat. Neurosci. 27, 433–448. doi: 10.1038/s41593-023-01558-3

Lousada, E., Boudreau, M., Cohen-Adad, J., Oumesmar, B. N., Burguière, E., and 
Schreiweis, C. (2021). Reduced axon calibre in the associative striatum of the Sapap3 
knockout mouse. Brain Sci. 11:1353. doi: 10.3390/brainsci11101353

Lu, P., Wang, Y., Graham, L., McHale, K., Gao, M., Di Wu, J. B., et al. (2012). Long-
distance growth and connectivity of neural stem cells after severe spinal cord injury. Cell 
150, 1264–1273. doi: 10.1016/j.cell.2012.08.020

Lu, P., Woodruff, G., Wang, Y., Graham, L., Hunt, M., Wu, D., et al. (2014). Long-
distance axonal growth from human induced pluripotent stem cells after spinal cord 
injury. Neuron 83, 789–796. doi: 10.1016/j.neuron.2014.07.014

Maas, D. A., and Angulo, M. C. (2021). Can enhancing neuronal activity improve 
myelin repair in multiple sclerosis? Front. Cell. Neurosci. 15:645240. doi: 
10.3389/fncel.2021.645240

Mahoney, S. O., Chowdhury, N. F., Ngo, V., Imms, P., and Irimia, A. (2022). Mild 
traumatic brain injury results in significant and lasting cortical demyelination. Front. 
Neurol. 13:854396. doi: 10.3389/fneur.2022.854396

Malik, N., Efthymiou, A. G., Mather, K., Chester, N., Bampouras, T. M., McCartney, D., 
et al. (2014). Compounds with species and cell type specific toxicity identified in a 2000 
compound drug screen of neural stem cells and rat mixed cortical neurons. 
Neurotoxicology 45, 192–200. doi: 10.1016/j.neuro.2014.10.007

Marin, M. A., de Lima, S., Gilbert, H. Y., Giger, R. J., Benowitz, L., and Rasband, M. N. 
(2016). Reassembly of excitable domains after CNS axon regeneration. J. Neurosci. 36, 
9148–9160. doi: 10.1523/JNEUROSCI.1747-16.2016

Marques, S., van Bruggen, D., Vanichkina, D. P., Floriddia, E. M., Munguba, H., 
Väremo, L., et al. (2018). Transcriptional convergence of oligodendrocyte lineage 
progenitors during development. Dev. Cell 46, 504–517.e7. doi: 
10.1016/j.devcel.2018.07.005

Marques, S., Zeisel, A., Codeluppi, S., van Bruggen, D., Mendanha Falcão, A., Xiao, L., 
et al. (2016). Oligodendrocyte heterogeneity in the mouse juvenile and adult central 
nervous system. Science 352, 1326–1329. doi: 10.1126/science.aaf6463

Marshall-Phelps, K. L. H., Kegel, L., Baraban, M., Ruhwedel, T., Almeida, R. G., 
Rubio-Brotons, M., et al. (2020). Neuronal activity disrupts myelinated axon integrity 
in the absence of NKCC1b. J. Cell Biol. 219:e201909022. doi: 10.1083/jcb.201909022

Martínez-Cerdeño, V., Noctor, S. C., Espinosa, A., Ariza, J., Parker, P., Orasji, S., et al. 
(2010). Embryonic MGE precursor cells grafted into adult rat striatum integrate and 
ameliorate motor symptoms in 6-OHDA-lesioned rats. Cell Stem Cell 6, 238–250. doi: 
10.1016/j.stem.2010.01.004

Martinez-Curiel, R., Hajy, M., Tsupykov, O., Jansson, L., Avaliani, N., Tampé, J., et al. 
(2025). Human cortical neurons rapidly generated by embryonic stem cell programming 
integrate into the stroke-injured rat cortex. Stem Cells 2025:sxaf049. doi: 
10.1093/stmcls/sxaf049

Martínez-Serrano, A., and Björklund, A. (1996). Protection of the neostriatum against 
excitotoxic damage by neurotrophin-producing, genetically modified neural stem cells. 
J. Neurosci. 16, 4604–4616. doi: 10.1523/JNEUROSCI.16-15-04604.1996

Mattugini, N., Merl-Pham, J., Petrozziello, E., Schindler, L., Bernhagen, J., 
Hauck, S. M., et al. (2018). Influence of white matter injury on gray matter reactive 
gliosis upon stab wound in the adult murine cerebral cortex. Glia 66, 1644–1662. doi: 
10.1002/glia.23329

Mcdonald, J. W., Althomsons, S. P., Hyrc, K. L., Choi, D. W., and Goldberg, M. P. 
(1998). Oligodendrocytes from forebrain are highly vulnerable to AMPA/kainate 
receptor-mediated excitotoxicity. Nat. Med. 4, 291–297. doi: 10.1038/nm0398-291

Meschkat, M., Steyer, A. M., Weil, M.-T., Kusch, K., Jahn, O., Piepkorn, L., et al. 
(2022). White matter integrity in mice requires continuous myelin synthesis at the inner 
tongue. Nat. Commun. 13:1163. doi: 10.1038/s41467-022-28720-y

Michelsen, K. A., Acosta-Verdugo, S., Benoit-Marand, M., Espuny-Camacho, I., 
Gaspard, N., Saha, B., et al. (2015). Area-specific reestablishment of damaged circuits in 
the adult cerebral cortex by cortical neurons derived from mouse embryonic stem cells. 
Neuron 85, 982–997. doi: 10.1016/j.neuron.2015.02.001

Moriarty, N., Gantner, C. W., Hunt, C. P. J., Ermine, C. M., Frausin, S., Viventi, S., et al. 
(2022). A combined cell and gene therapy approach for homotopic reconstruction of 
midbrain dopamine pathways using human pluripotent stem cells. Cell Stem Cell 29, 
434–448.e5. doi: 10.1016/j.stem.2022.01.013

Mukherjee, C., Kling, T., Russo, B., Miebach, K., Kess, E., Schifferer, M., et al. (2020). 
Oligodendrocytes provide antioxidant defense function for neurons by secreting ferritin 
heavy chain. Cell Metab. 32, 259–272.e10. doi: 10.1016/j.cmet.2020.05.019

Nakayama, T., Nagata, E., Masuda, H., Asahara, T., and Takizawa, S. (2019). 
Regeneration-associated cell transplantation contributes to tissue recovery in mice with 
acute ischemic stroke. PLoS One 14:e0210198. doi: 10.1371/journal.pone.0210198

Neumann, B., Baror, R., Zhao, C., Segel, M., Dietmann, S., Rawji, K. S., et al. (2019). 
Metformin restores CNS remyelination capacity by rejuvenating aged stem cells. Cell 
Stem Cell 25, 473–485.e8. doi: 10.1016/j.stem.2019.08.015

Neumann, H., Schweigreiter, R., Yamashita, T., Rosenkranz, K., Wekerle, H., and 
Barde, Y.-A. (2002). Tumor necrosis factor inhibits neurite outgrowth and branching of 
hippocampal neurons by a rho-dependent mechanism. J. Neurosci. 22, 854–862. doi: 
10.1523/JNEUROSCI.22-03-00854.2002

O’Shea, T. M., Ao, Y., Wang, S., Wollenberg, A. L., Kim, J. H., and Ramos 
Espinoza, R. A. (2022). Lesion environments direct transplanted neural progenitors 
towards a wound repair astroglial phenotype in mice. Nat. Commun. 13:5702. doi: 
10.1038/s41467-022-33382-x

Oberheim, N. A., Takano, T., Han, X., He, W., Lin, J. H., Wang, F., et al. (2009). 
Uniquely hominid features of adult human astrocytes. J. Neurosci. 29, 3276–3287. doi: 
10.1523/JNEUROSCI.4707-08.2009

Oikonomou, K. D., Singh, M. B., Sterjanaj, E. V., and Antic, S. D. (2014). Spiny 
neurons of amygdala, striatum, and cortex use dendritic plateau potentials to detect 
network UP states. Front. Cell. Neurosci. 8:292. doi: 10.3389/fncel.2014.00292

Orimo, S., Uchihara, T., Kanazawa, T., Itoh, Y., Wakabayashi, K., Kakita, A., et al. 
(2011). Unmyelinated axons are more vulnerable to degeneration than myelinated axons 
of the cardiac nerve in Parkinson’s disease. Neuropathol. Appl. Neurobiol. 37, 791–802. 
doi: 10.1111/j.1365-2990.2011.01194.x

Osanai, Y., Yamazaki, R., Shinohara, Y., and Ohno, N. (2022). Heterogeneity and 
regulation of oligodendrocyte morphology. Front. Cell Dev. Biol. 10:1030486. doi: 
10.3389/fcell.2022.1030486

https://doi.org/10.3389/fncel.2025.1635551
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1101/2024.02.20.581268
https://doi.org/10.1093/brain/awh627
https://doi.org/10.1016/j.nbd.2020.105028
https://doi.org/10.1172/JCI164223
https://doi.org/10.1038/ng2070
https://doi.org/10.1016/j.mcn.2015.10.002
https://doi.org/10.1016/j.celrep.2021.110019
https://doi.org/10.1007/s00401-008-0465-0
https://doi.org/10.1016/j.tins.2017.05.002
https://doi.org/10.1126/scitranslmed.aau3538
https://doi.org/10.5607/en20011
https://doi.org/10.1038/nn1088
https://doi.org/10.1016/j.stem.2024.12.005
https://doi.org/10.1371/journal.pone.0192118
https://doi.org/10.1371/journal.pone.0134920
https://doi.org/10.1038/nature11314
https://doi.org/10.1002/cne.20438
https://doi.org/10.1038/nm1746
https://doi.org/10.1038/s41593-023-01558-3
https://doi.org/10.3390/brainsci11101353
https://doi.org/10.1016/j.cell.2012.08.020
https://doi.org/10.1016/j.neuron.2014.07.014
https://doi.org/10.3389/fncel.2021.645240
https://doi.org/10.3389/fneur.2022.854396
https://doi.org/10.1016/j.neuro.2014.10.007
https://doi.org/10.1523/JNEUROSCI.1747-16.2016
https://doi.org/10.1016/j.devcel.2018.07.005
https://doi.org/10.1126/science.aaf6463
https://doi.org/10.1083/jcb.201909022
https://doi.org/10.1016/j.stem.2010.01.004
https://doi.org/10.1093/stmcls/sxaf049
https://doi.org/10.1523/JNEUROSCI.16-15-04604.1996
https://doi.org/10.1002/glia.23329
https://doi.org/10.1038/nm0398-291
https://doi.org/10.1038/s41467-022-28720-y
https://doi.org/10.1016/j.neuron.2015.02.001
https://doi.org/10.1016/j.stem.2022.01.013
https://doi.org/10.1016/j.cmet.2020.05.019
https://doi.org/10.1371/journal.pone.0210198
https://doi.org/10.1016/j.stem.2019.08.015
https://doi.org/10.1523/JNEUROSCI.22-03-00854.2002
https://doi.org/10.1038/s41467-022-33382-x
https://doi.org/10.1523/JNEUROSCI.4707-08.2009
https://doi.org/10.3389/fncel.2014.00292
https://doi.org/10.1111/j.1365-2990.2011.01194.x
https://doi.org/10.3389/fcell.2022.1030486


Martínez-Reza and Götz� 10.3389/fncel.2025.1635551

Frontiers in Cellular Neuroscience 18 frontiersin.org

Osso, L. A., and Hughes, E. G. (2024). Dynamics of mature myelin. Nat. Neurosci. 21, 
1449–1461. doi: 10.1038/s41593-024-01642-2

Ostenfeld, T., Joly, E., Tai, Y.-T., Peters, A., Caldwell, M., Jauniaux, E., et al. (2002). 
Regional specification of rodent and human neurospheres. Dev. Brain Res. 134, 43–55. 
doi: 10.1016/S0165-3806(01)00291-7

Ourednik, J., Ourednik, V., Lynch, W. P., Schachner, M., and Snyder, E. Y. (2002). 
Neural stem cells display an inherent mechanism for rescuing dysfunctional neurons. 
Nat. Biotechnol. 20, 1103–1110. doi: 10.1038/nbt750

Palma-Tortosa, S., Tornero, D., Hansen, M. G., Monni, E., Hajy, M., Kartsivadze, S., 
et al. (2020). Activity in grafted human iPS cell-derived cortical neurons integrated in 
stroke-injured rat brain regulates motor behavior. Proc. Natl. Acad. Sci. U.S.A. 117, 
9094–9100. doi: 10.1073/pnas.2000690117

Palpagama, T. H., Waldvogel, H. J., Faull, R. L. M., and Kwakowsky, A. (2019). The role 
of microglia and astrocytes in Huntington’s disease. Front. Mol. Neurosci. 12:258. doi: 
10.3389/fnmol.2019.00258

Pantoni, L., Garcia, J. H., and Gutierrez, J. A. (1996). Cerebral white matter is highly 
vulnerable to ischemia. Stroke 27, 1641–1647. doi: 10.1161/01.STR.27.9.1641

Parmar, M., and Falk, A. (2025). Autologous cells, no longer lost in translation. Cell 
Stem Cell 32, 341–342. doi: 10.1016/j.stem.2025.02.004

Paterno, R., Thy, V., Hsieh, C., and Baraban, S. C. (2024). Host brain environmental 
influences on transplanted medial ganglionic eminence progenitors. Sci. Rep. 14:3610. 
doi: 10.1038/s41598-024-52478-6

Pekny, M., Pekna, M., Messing, A., Steinhäuser, C., Lee, J. M., Parpura, V., et al. (2016). 
Astrocytes: a central element in neurological diseases. Acta Neuropathol. 131, 323–345. 
doi: 10.1007/s00401-015-1513-1

Péron, S., Droguerre, M., Debarbieux, F., Ballout, N., Benoit-Marand, M., 
Francheteau, M., et al. (2017). A delay between motor cortex lesions and neuronal 
transplantation enhances graft integration and improves repair and recovery. J. Neurosci. 
37, 1820–1834. doi: 10.1523/JNEUROSCI.2936-16.2017

Petratos, S., Theotokis, P., Kim, M. J., Azari, M. F., and Lee, J. Y. (2020). That’s a Wrap! 
molecular drivers governing neuronal Nogo receptor-dependent myelin plasticity and 
integrity. Front. Cell. Neurosci. 14:227. doi: 10.3389/fncel.2020.00227

Pinaudeau, C., Gaillard, A., and Roger, M. (2000). Stage of specification of the spinal 
cord and tectal projections from cortical grafts. Eur. J. Neurosci. 12, 2486–2496. doi: 
10.1046/j.1460-9568.2000.00148.x

Pitonak, M., Aceves, M., Kumar, P. A., Dampf, G., Green, P., Tucker, A., et al. (2022). 
Effects of biological sex mismatch on neural progenitor cell transplantation for spinal 
cord injury in mice. Nat. Commun. 13:5380. doi: 10.1038/s41467-022-33134-x

Pivoňková, H., Sitnikov, S., Kamen, Y., Vanhaesebrouck, A., Matthey, M., Spitzer, S. O., 
et al. (2024). Heterogeneity in oligodendrocyte precursor cell proliferation is dynamic 
and driven by passive bioelectrical properties. Cell Rep. 43:114873. doi: 
10.1016/j.celrep.2024.114873

Pollock, K., Dahlenburg, H., Nelson, H., Fink, K. D., Cary, W., Hendrix, K., et al. 
(2016). Human mesenchymal stem cells genetically engineered to overexpress brain-
derived neurotrophic factor improve outcomes in Huntington’s disease mouse models. 
Mol. Ther. 24, 965–977. doi: 10.1038/mt.2016.12

Poplawski, G. H. D., Lie, R., Hunt, M., Kumamaru, H., Kawaguchi, R., Lu, P., et al. 
(2018). Adult rat myelin enhances axonal outgrowth from neural stem cells. Sci. Transl. 
Med. 10:2563. doi: 10.1126/scitranslmed.aal2563

Pott, F., Gingele, S., Clarner, T., Dang, J., Baumgartner, W., Beyer, C., et al. (2009). 
Cuprizone effect on myelination, astrogliosis and microglia attraction in the mouse basal 
ganglia. Brain Res. 1305, 137–149. doi: 10.1016/j.brainres.2009.09.084

Ramaswamy, S., McBride, J. L., and Kordower, J. H. (2007). Animal models of 
Huntington’s disease. ILAR J. 48, 356–373. doi: 10.1093/ilar.48.4.356

Redmond, S. A., Mei, F., Eshed-Eisenbach, Y., Osso, L. A., Leshkowitz, D., Shen, Y. A., 
et al. (2016). Somatodendritic expression of JAM2 inhibits oligodendrocyte myelination. 
Neuron 91, 824–836. doi: 10.1016/j.neuron.2016.07.021

Roman, A., Huntemer-Silveira, A., Waldron, M. A., Khalid, Z., Blake, J., Parr, A. M., 
et al. (2024). Cell transplantation for repair of the spinal cord and prospects for 
generating region-specific exogenic neuronal cells. Cell Transplant. 
33:09636897241241998. doi: 10.1177/09636897241241998

Ruzicka, J., Machova-Urdzikova, L., Gillick, J., Amemori, T., Romanyuk, N., 
Karova, K., et al. (2017). A comparative study of three different types of stem cells for 
treatment of rat spinal cord injury. Cell Transplant. 26, 585–603. doi: 
10.3727/096368916X693671

Safaiyan, S., Besson-Girard, S., Kaya, T., Cantuti-Castelvetri, L., Liu, L., Ji, H., et al. 
(2021). White matter aging drives microglial diversity. Neuron 109, 1100–1117.e10. doi: 
10.1016/j.neuron.2021.01.027

Salazar, D. L., Uchida, N., Hamers, F. P. T., Cummings, B. J., and Anderson, A. J. 
(2010). Human neural stem cells differentiate and promote locomotor recovery in an 
early chronic spinal cord injury NOD-scid mouse model. PLoS One 5:e12272. doi: 
10.1371/journal.pone.0012272

Saliani, A., Perraud, B., Duval, T., Stikov, N., Rossignol, S., and Cohen-Adad, J. (2017). 
Axon and myelin morphology in animal and human spinal cord. Front. Neuroanat. 
11:129. doi: 10.3389/fnana.2017.00129

Schäffner, E., Bosch-Queralt, M., Edgar, J. M., Lehning, M., Strauß, J., Fleischer, N., 
et al. (2023). Myelin insulation as a risk factor for axonal degeneration in 
autoimmune demyelinating disease. Nat. Neurosci. 26, 1218–1228. doi: 
10.1038/s41593-023-01366-9

Seiler, S., Di Santo, S., Andereggen, L., and Widmer, H. R. (2017). Antagonization 
of the Nogo-receptor 1 enhances dopaminergic fiber outgrowth of transplants in a rat 
model of Parkinson’s disease. Front. Cell. Neurosci. 11:151. doi: 
10.3389/fncel.2017.00151

Semple, B. D., Blomgren, K., Gimlin, K., Ferriero, D. M., and Noble-Haeusslein, L. J. 
(2013). Brain development in rodents and humans: identifying benchmarks of 
maturation and vulnerability to injury across species. Prog. Neurobiol. 106–107, 1–16. 
doi: 10.1016/j.pneurobio.2013.04.001

Shah, S., Mansour, H. M., and Lucke-Wold, B. (2025). Advances in stem cell therapy 
for Huntington’s disease: a comprehensive literature review. Cells 14:42. doi: 
10.3390/cells14010042

Shen, S., Sandoval, J., Swiss, V. A., Li, J., Dupree, J., Franklin, R. J., et al. (2008). Age-
dependent epigenetic control of differentiation inhibitors is critical for remyelination 
efficiency. Nat. Neurosci. 11, 1024–1034. doi: 10.1038/nn.2172

Sherafat, A., Pfeiffer, F., and Nishiyama, A. (2021). Shaping of regional differences in 
oligodendrocyte dynamics by regional heterogeneity of the pericellular 
microenvironment. Front. Cell. Neurosci. 15:721376. doi: 10.3389/fncel.2021.721376

Siegenthaler, M. M., Tu, M. K., and Keirstead, H. S. (2007). The extent of myelin 
pathology differs following contusion and transection spinal cord injury. J. Neurotrauma 
24, 1631–1646. doi: 10.1089/neu.2007.0302

Sim, F. J., Windrem, M. S., and Goldman, S. A. (2009). Fate determination of adult 
human glial progenitor cells. Neuron Glia Biol. 5, 45–55. doi: 10.1017/S1740925X09990317

Simons, M., Gibson, E. M., and Nave, K.-A. (2024). Oligodendrocytes: myelination, 
plasticity, and axonal support. Cold Spring Harb. Perspect. Biol. 16:a041359. doi: 
10.1101/cshperspect.a041359

Simons, M., and Lyons, D. A. (2013). Axonal selection and myelin sheath generation 
in the central nervous system. Curr. Opin. Cell Biol. 25, 512–519. doi: 
10.1016/j.ceb.2013.04.007

Steinbeck, J. A., Choi, S. J., Mrejeru, A., Ganat, Y., Deisseroth, K., Sulzer, D., et al. 
(2015). Optogenetics enables functional analysis of human embryonic stem cell-derived 
grafts in a Parkinson’s disease model. Nat. Biotechnol. 33, 204–209. doi: 10.1038/nbt.3124

Storm, P., Zhang, Y., Nilsson, F., Fiorenzano, A., Krausse, N., Åkerblom, M., et al. 
(2024). Lineage tracing of stem cell-derived dopamine grafts in a Parkinson’s model 
reveals shared origin of all graft-derived cells. Sci. Adv. 10:eadn3057. doi: 
10.1126/sciadv.adn3057

Sulzer, D., and Surmeier, D. J. (2013). Neuronal vulnerability, pathogenesis, and 
Parkinson’s disease. Mov. Disord. 28, 41–50. doi: 10.1002/mds.25095

Sun, L. O., Mulinyawe, S. B., Collins, H. Y., Ibrahim, A., Li, Q., Simon, D. J., et al. 
(2018). Spatiotemporal control of CNS myelination by oligodendrocyte programmed 
cell death through the TFEB-PUMA axis. Cell 175, 1811–1826.e21. doi: 
10.1016/j.cell.2018.10.044

Tahmasebi, F., Pasbakhsh, P., Barati, S., Madadi, S., and Kashani, I. R. (2021). The effect 
of microglial ablation and mesenchymal stem cell transplantation on a cuprizone-
induced demyelination model. J. Cell. Physiol. 236, 3552–3564. doi: 10.1002/jcp.30090

Tai, Y. F., Pavese, N., Gerhard, A., Tabrizi, S. J., Barker, R. A., Brooks, D. J., et al. (2007). 
Microglial activation in presymptomatic Huntington’s disease gene carriers. Brain J. 
Neurol. 130, 1759–1766. doi: 10.1093/brain/awm044

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126, 663–676. 
doi: 10.1016/j.cell.2006.07.024

Takeuchi, K., Yoshioka, N., Onaga, S. H., Watanabe, Y., Miyata, S., Wada, Y., et al. 
(2013). Chondroitin sulphate N-acetylgalactosaminyl-transferase-1 inhibits recovery 
from neural injury. Nat. Commun. 4:2740. doi: 10.1038/ncomms3740

Tamaki, S., Eckert, K., He, D., Sutton, R., Doshe, M., Jain, G., et al. (2002). Engraftment 
of sorted/expanded human central nervous system stem cells from fetal brain. J. 
Neurosci. Res. 69, 976–986. doi: 10.1002/jnr.10412

Tao, Y., and Zhang, S.-C. (2016). Neural subtype specification from human pluripotent 
stem cells. Cell Stem Cell 19, 573–586. doi: 10.1016/j.stem.2016.10.015

Tecuatl, C., Ljungquist, B., and Ascoli, G. A. (2024). Accelerating the continuous 
community sharing of digital neuromorphology data. FASEB Bioadv. 6, 207–221. doi: 
10.1096/fba.2024-00048

Tekkök, S. B., and Goldberg, M. P. (2001). AMPA/Kainate receptor activation mediates 
hypoxic oligodendrocyte death and axonal injury in cerebral white matter. J. Neurosci. 
21, 4237–4248. doi: 10.1523/JNEUROSCI.21-12-04237.2001

Terrigno, M., Busti, I., Alia, C., Pietrasanta, M., Arisi, I., D’Onofrio, M., et al. (2018). 
Neurons generated by mouse ESCs with hippocampal or cortical identity display distinct 
projection patterns when co-transplanted in the adult brain. Stem Cell Rep. 10, 
1016–1029. doi: 10.1016/j.stemcr.2018.01.010

Thomas, J., Martinez-Reza, M. F., Thorwirth, M., Zarb, Y., Conzelmann, K. K., 
Hauck, S. M., et al. (2022). Excessive local host-graft connectivity in aging and amyloid-
loaded brain. Sci. Adv. 8:eabg9287. doi: 10.1126/sciadv.abg9287

https://doi.org/10.3389/fncel.2025.1635551
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41593-024-01642-2
https://doi.org/10.1016/S0165-3806(01)00291-7
https://doi.org/10.1038/nbt750
https://doi.org/10.1073/pnas.2000690117
https://doi.org/10.3389/fnmol.2019.00258
https://doi.org/10.1161/01.STR.27.9.1641
https://doi.org/10.1016/j.stem.2025.02.004
https://doi.org/10.1038/s41598-024-52478-6
https://doi.org/10.1007/s00401-015-1513-1
https://doi.org/10.1523/JNEUROSCI.2936-16.2017
https://doi.org/10.3389/fncel.2020.00227
https://doi.org/10.1046/j.1460-9568.2000.00148.x
https://doi.org/10.1038/s41467-022-33134-x
https://doi.org/10.1016/j.celrep.2024.114873
https://doi.org/10.1038/mt.2016.12
https://doi.org/10.1126/scitranslmed.aal2563
https://doi.org/10.1016/j.brainres.2009.09.084
https://doi.org/10.1093/ilar.48.4.356
https://doi.org/10.1016/j.neuron.2016.07.021
https://doi.org/10.1177/09636897241241998
https://doi.org/10.3727/096368916X693671
https://doi.org/10.1016/j.neuron.2021.01.027
https://doi.org/10.1371/journal.pone.0012272
https://doi.org/10.3389/fnana.2017.00129
https://doi.org/10.1038/s41593-023-01366-9
https://doi.org/10.3389/fncel.2017.00151
https://doi.org/10.1016/j.pneurobio.2013.04.001
https://doi.org/10.3390/cells14010042
https://doi.org/10.1038/nn.2172
https://doi.org/10.3389/fncel.2021.721376
https://doi.org/10.1089/neu.2007.0302
https://doi.org/10.1017/S1740925X09990317
https://doi.org/10.1101/cshperspect.a041359
https://doi.org/10.1016/j.ceb.2013.04.007
https://doi.org/10.1038/nbt.3124
https://doi.org/10.1126/sciadv.adn3057
https://doi.org/10.1002/mds.25095
https://doi.org/10.1016/j.cell.2018.10.044
https://doi.org/10.1002/jcp.30090
https://doi.org/10.1093/brain/awm044
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/ncomms3740
https://doi.org/10.1002/jnr.10412
https://doi.org/10.1016/j.stem.2016.10.015
https://doi.org/10.1096/fba.2024-00048
https://doi.org/10.1523/JNEUROSCI.21-12-04237.2001
https://doi.org/10.1016/j.stemcr.2018.01.010
https://doi.org/10.1126/sciadv.abg9287


Martínez-Reza and Götz� 10.3389/fncel.2025.1635551

Frontiers in Cellular Neuroscience 19 frontiersin.org

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J., 
Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human blastocysts. 
Science 282, 1145–1147. doi: 10.1126/science.282.5391.1145

Thorburne, S. K., and Juurlink, B. H. J. (1996). Low glutathione and high iron govern 
the susceptibility of oligodendroglial precursors to oxidative stress. J. Neurochem. 67, 
1014–1022. doi: 10.1046/j.1471-4159.1996.67031014.x

Tiklová, K., Nolbrant, S., Fiorenzano, A., Björklund, Å. K., Sharma, Y., Heuer, A., 
et al. (2020). Single cell transcriptomics identifies stem cell-derived graft 
composition in a model of Parkinson’s disease. Nat. Commun. 11:2434. doi: 
10.1038/s41467-020-16225-5

Tomassy, G. S., Berger, D. R., Chen, H. H., Kasthuri, N., Hayworth, K. J., Vercelli, A., 
et al. (2014). Distinct profiles of myelin distribution along single axons of pyramidal 
neurons in the neocortex. Science 344:6181. doi: 10.1126/science.1249766

Tomassy, G. S., Dershowitz, L. B., and Arlotta, P. (2016). Diversity matters: a revised 
guide to myelination. Trends Cell Biol. 26, 135–147. doi: 10.1016/j.tcb.2015.09.002

Tornero, D., Tsupykov, O., Granmo, M., Rodriguez, C., Grønning-Hansen, M., 
Thelin, J., et al. (2017). Synaptic inputs from stroke-injured brain to grafted human stem 
cell-derived neurons activated by sensory stimuli. Brain 140, 692–706. doi: 
10.1093/brain/aww347

Tseng, K.-Y., Jui-Sheng, W., Chen, Y.-H., Airavaara, M., Cheng, C.-Y., and Ma, K.-H. 
(2022). Modulating microglia/macrophage activation by CDNF promotes 
transplantation of fetal ventral mesencephalic graft survival and function in a 
hemiparkinsonian rat model. Biomedicine 10:1446. doi: 10.3390/biomedicines10061446

Tsuji, O., Miura, K., Okada, Y., Fujiyoshi, K., Mukaino, M., Nagoshi, N., et al. (2010). 
Therapeutic potential of appropriately evaluated safe-induced pluripotent stem cells for 
spinal cord injury. Proc. Natl. Acad. Sci. U.S.A. 107, 12704–12709. doi: 
10.1073/pnas.0910106107

Uchida, N., Buck, D. W., He, D., Reitsma, M. J., Masek, M., Phan, T. V., et al. (2000). 
Direct isolation of human central nervous system stem cells. Proc. Natl. Acad. Sci. U.S.A. 
97, 14720–14725. doi: 10.1073/pnas.97.26.14720

Vallstedt, A., Klos, J. M., and Ericson, J. (2005). Multiple dorsoventral origins of 
oligodendrocyte generation in the spinal cord and hindbrain. Neuron 45, 55–67. doi: 
10.1016/j.neuron.2004.12.026

Vermaercke, B., Bonin, V., and Vanderhaeghen, P. (2022). Studying human neural 
function in  vivo at the cellular level: chasing chimeras? Cell 185, 4869–4872. doi: 
10.1016/j.cell.2022.11.020

von Streitberg, A., Jäkel, S., Eugenin von Bernhardi, J., Straube, C., Buggenthin, F., 
Marr, C., et al. (2021). NG2-glia transiently overcome their homeostatic network and 
contribute to wound closure after brain injury. Front. Cell Dev. Biol. 0:762. doi: 
10.3389/FCELL.2021.662056

Wagstaff, L. J., Bestard-Cuche, N., Kaczmarek, M., Fidanza, A., McNeil, L., RJM, F., et al. 
(2024). CRISPR-edited human ES-derived oligodendrocyte progenitor cells improve 
remyelination in rodents. Nat. Commun. 15:8570. doi: 10.1038/s41467-024-52444-w

Wang, J., Chao, F., Han, F., Zhang, G., Xi, Q., Li, J., et al. (2013). PET demonstrates 
functional recovery after transplantation of induced pluripotent stem cells in a rat model 
of cerebral ischemic injury. J. Nucl. Med. 54, 785–792. doi: 10.2967/jnumed.112.111112

Wang, J., He, X., Meng, H., Li, Y., Dmitriev, P., Tian, F., et al. (2020). Robust 
myelination of regenerated axons induced by combined manipulations of GPR17 and 
microglia. Neuron 108, 876–886.e4. doi: 10.1016/j.neuron.2020.09.016

Wang, B., Xiao, Z., Chen, B., Han, J., Gao, Y., Zhang, J., et al. (2008). Nogo-66 promotes 
the differentiation of neural progenitors into astroglial lineage cells through mTOR-
STAT3 pathway. PLoS One 3:e1856. doi: 10.1371/journal.pone.0001856

Wang, J. W., Yang, J. F., Ma, Y., Hua, Z., Guo, Y., Gu, X. L., et al. (2015). Nogo-A 
expression dynamically varies after spinal cord injury. Neural Regen. Res. 10:225. doi: 
10.4103/1673-5374.152375

Weber, R. Z., Rust, R., and Tackenberg, C. (2025). How neural stem cell therapy promotes 
brain repair after stroke. Stem Cell Rep. 20:102507. doi: 10.1016/j.stemcr.2025.102507

Weng, C., Groh, A. M. R., Yaqubi, M., Cui, Q. L., Stratton, J. A., GRW, M., et al. (2025). 
Heterogeneity of mature oligodendrocytes in the central nervous system. Neural Regen. 
Res. 20:1336. doi: 10.4103/NRR.NRR-D-24-00055

Wictorin, K., Clarke, D. J., Bolam, J. P., Brundin, P., Gustavii, B., Lindvall, O., et al. 
(1990). Chapter 44 extensive efferent projections of intra-striatally transplanted striatal 
neurons as revealed by a species-specific neurofilament marker and anterograde axonal 
tracing. Prog. Brain Res. 82, 391–399. doi: 10.1016/S0079-6123(08)62627-8

Widestrand, Å., Faijerson, J., Wilhelmsson, U., Smith, P. L., Li, L., Sihlbom, C., et al. 
(2007). Increased neurogenesis and astrogenesis from neural progenitor cells grafted in 
the hippocampus of GFAP−/−Vim−/− mice. Stem Cells 25, 2619–2627. doi: 
10.1634/stemcells.2007-0122

Wilcox, J. T., Satkunendrarajah, K., Zuccato, J. A., Nassiri, F., and Fehlings, M. G. 
(2014). Neural precursor cell transplantation enhances functional recovery and reduces 
astrogliosis in bilateral compressive/contusive cervical spinal cord injury. Stem Cells 
Transl. Med. 3, 1148–1159. doi: 10.5966/sctm.2014-0029

Wilhelmsson, U., Bushong, E. A., Price, D. L., Smarr, B. L., Phung, V., Terada, M., et al. 
(2006). Redefining the concept of reactive astrocytes as cells that remain within their 
unique domains upon reaction to injury. Proc. Natl. Acad. Sci. U.S.A. 103, 17513–17518. 
doi: 10.1073/pnas.0602841103

Windrem, M. S., Schanz, S. J., Zou, L., Chandler-Militello, D., Kuypers, N. J., 
Nedergaard, M., et al. (2020). Human glial progenitor cells effectively remyelinate the 
demyelinated adult brain. Cell Rep. 31:107658. doi: 10.1016/j.celrep.2020.107658

Xiong, M., Tao, Y., Gao, Q., Feng, B., Yan, W., Zhou, Y., et al. (2021). Human stem 
cell-derived neurons repair circuits and restore neural function. Cell Stem Cell 28, 
112–126.e6. doi: 10.1016/j.stem.2020.08.014

Xu, Y. K. T., Bush, A., Musheyev, E., Kim, A. A., Zhang, S., von Bernhardi, J. E., et al. 
(2024). Brain-wide mapping of oligodendrocyte organization and oligodendrogenesis 
across the murine lifespan. bioRxiv. Available online at: https://doi.
org/10.1101/2024.09.06.611254 [Epub ahead of preprint]

Yamanaka, S. (2020). Pluripotent stem cell-based cell therapy—promise and 
challenges. Cell Stem Cell 27, 523–531. doi: 10.1016/j.stem.2020.09.014

Yaqubi, M., Luo, J. X. X., Baig, S., Cui, Q. L., Petrecca, K., Desu, H., et al. (2022). 
Regional and age-related diversity of human mature oligodendrocytes. Glia 70, 
1938–1949. doi: 10.1002/glia.24230

Yasuda, A., Tsuji, O., Shibata, S., Nori, S., Takano, M., Kobayashi, Y., et al. (2011). 
Significance of remyelination by neural stem/progenitor cells transplanted into the 
injured spinal cord. Stem Cells 29, 1983–1994. doi: 10.1002/stem.767

Yu, S. P., Tung, J. K., Wei, Z. Z., Chen, D., Berglund, K., Zhong, W., et al. (2019). 
Optochemogenetic stimulation of transplanted iPS-NPCs enhances neuronal repair and 
functional recovery after ischemic stroke. J. Neurosci. 39, 6571–6594. doi: 
10.1523/JNEUROSCI.2010-18.2019

Zarb, Y., Thorwirth, M., Markkula, O., Paoli, E., Martinez-Reza, M. F., and Todorov, M. 
(et al.) (2025). Multimodal synapse analysis reveals restricted integration of transplanted 
neurons remodeled by TREM2. bioRxiv. Available online at: https://doi.
org/10.1101/2025.01.31.635250. [Epub ahead of preprint]

Zhang, R., Chopp, M., and Zhang, Z. G. (2013). Oligodendrogenesis after cerebral 
ischemia. Front. Cell. Neurosci. 7:201. doi: 10.3389/fncel.2013.00201

Zhu, B., Eom, J., and Hunt, R. F. (2019). Transplanted interneurons improve memory 
precision after traumatic brain injury. Nat. Commun. 10:5156. doi: 10.1038/s41467-019-13170-w

Zimmermann, T., Remmers, F., Lutz, B., and Leschik, J. (2016). ESC-derived BDNF-
overexpressing neural progenitors differentially promote recovery in Huntington’s 
disease models by enhanced striatal differentiation. Stem Cell Rep. 7, 693–706. doi: 
10.1016/j.stemcr.2016.08.018

https://doi.org/10.3389/fncel.2025.1635551
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1046/j.1471-4159.1996.67031014.x
https://doi.org/10.1038/s41467-020-16225-5
https://doi.org/10.1126/science.1249766
https://doi.org/10.1016/j.tcb.2015.09.002
https://doi.org/10.1093/brain/aww347
https://doi.org/10.3390/biomedicines10061446
https://doi.org/10.1073/pnas.0910106107
https://doi.org/10.1073/pnas.97.26.14720
https://doi.org/10.1016/j.neuron.2004.12.026
https://doi.org/10.1016/j.cell.2022.11.020
https://doi.org/10.3389/FCELL.2021.662056
https://doi.org/10.1038/s41467-024-52444-w
https://doi.org/10.2967/jnumed.112.111112
https://doi.org/10.1016/j.neuron.2020.09.016
https://doi.org/10.1371/journal.pone.0001856
https://doi.org/10.4103/1673-5374.152375
https://doi.org/10.1016/j.stemcr.2025.102507
https://doi.org/10.4103/NRR.NRR-D-24-00055
https://doi.org/10.1016/S0079-6123(08)62627-8
https://doi.org/10.1634/stemcells.2007-0122
https://doi.org/10.5966/sctm.2014-0029
https://doi.org/10.1073/pnas.0602841103
https://doi.org/10.1016/j.celrep.2020.107658
https://doi.org/10.1016/j.stem.2020.08.014
https://doi.org/10.1101/2024.09.06.611254
https://doi.org/10.1101/2024.09.06.611254
https://doi.org/10.1016/j.stem.2020.09.014
https://doi.org/10.1002/glia.24230
https://doi.org/10.1002/stem.767
https://doi.org/10.1523/JNEUROSCI.2010-18.2019
https://doi.org/10.1101/2025.01.31.635250
https://doi.org/10.1101/2025.01.31.635250
https://doi.org/10.3389/fncel.2013.00201
https://doi.org/10.1038/s41467-019-13170-w
https://doi.org/10.1016/j.stemcr.2016.08.018

	Wrap it up: myelination of transplanted neurons for repair
	1 Introduction
	2 Myelination and remyelination in axonal regeneration
	3 Adult transplantation and evidence of myelination
	3.1 Basal ganglia transplantation
	3.2 Spinal cord transplantation
	3.3 Cortical transplantation

	4 Checkpoints in neuronal transplantation myelination/remyelination
	4.1 Host environment generates extrinsic checkpoints
	4.1.1 Acute injury: TBI, SCI and stroke
	4.1.1.1 Primary CNS injuries
	4.1.1.2 Secondary CNS injuries
	4.1.2 Neurodegeneration: PD and HD models
	4.2 tNs intrinsic checkpoints
	4.2.1 Donor cell sources
	4.2.2 Donor cell species
	4.2.3 Donor cell biological sex
	4.2.4 Donor cell developmental stage
	4.2.5 Donor cell activity

	5 Discussion: How can myelin be beneficial for neuronal transplantation?

	References

