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SUMMARY

In the adult brain, neural stem cells (NSCs) constitutively generate new neurons in specific neurogenic domains. Recent research has un-
veiled reactive neurogenesis, whereby brain injury triggers NSC activation, enhancing their differentiation potential and guiding prog-
eny to injured areas. Our study provides evidence of alternative migration pathways for newborn neurons in the mouse subcortical fore-
brain, revealed by administration of a chemotherapeutic agent. This allows a high number of newborn neurons to migrate long distances
over an extended period. Notably, a subpopulation of neuroblasts diverts from the canonical SVZ-olfactory bulb (OB) rostral migratory
stream toward the striatum (STR), with distinct localization along striatal myelin tracts and through nucleus accumbens (NAc) to the
anterior commissure (AC). This neuroblast (NB) rerouting is accompanied by with oligodendrocyte lineage dysregulation and myelin def-
icits, suggesting a link between ectopic NB presence and observed myelin abnormalities.

INTRODUCTION

A wide range of pathological conditions, both neurodeve-
lopmental and neurodegenerative, have been associated
with defective or deficient neurogenesis. Conversely, dur-
ing brain lesions/pathology, adult neurogenesis could serve
as a pool for endogenous repair (Jin et al., 2001; Masuda
etal., 2007). Some CNS injuries (e.g., stroke) stimulate neu-
ral stem cell (NSC) proliferation in canonical niches and
induce ectopic migration of neuroblasts (NBs) (Arvidsson
etal., 2002; Rice et al., 2003) and/or activation of local neu-
ral progenitor cells (Fogli et al., 2024; Magnusson et al.,
2014; Nato et al., 2015). Thus, the subventricular zone
(SVZ) represents a potential reservoir of precursor cells for
brain repair (Grade and Gotz, 2017).

Mounting evidence suggests that chemotherapeutic
agents can lead to a form of brain chemical injury disrupt-
ing brain structure and function, collectively code-named
“chemo brain,” “chemo fog,” or chemotherapy-induced
cognitive impairment (CICI) (Nguyen and Ehrlich, 2020).
Most chemotherapeutics function as cytostatics, aiming
to reduce or halt the aberrant cell division of cancer cells.
However, such a non-selectively inhibits all forms of cell di-
vision while it can also damage non-proliferating cells.
Thus, neurogenic niches that are “hot spots” of physiolog-
ical proliferation in the adult brain are particularly suscep-

tible (Manda et al., 2014). Furthermore, chemotherapeutic
treatments for CNS malignancies usually lead to a high
concentration of chemotherapeutic agents in the cerebro-
spinal fluid (CSF) (Jacus et al., 2016; Wardill et al., 2016).
This may further expose the SVZ neurogenic niche, which
lies close to the lateral ventricle, to the effects of these
chemicals. Therefore, a fundamental question arises: to
what extent do the neurogenic niches in the adult brain
respond to the impact of chemotherapeutic-induced chem-
ical trauma and what does this imply for their regenerative
capacity? While there is some data available, the majority
of studies, often involving intracerebral infusion of mitotic
inhibitors, have primarily focused on the structural aspects
and lineage progression within these regions (Doetsch
et al., 1999). To expand our understanding of how neuro-
genic niche of the SVZ and adjacent non-neurogenic re-
gions respond to antimitotic agents, we conducted targeted
intraventricular infusions of the commonly used chemo-
therapeutic antimitotic agent cytosine arabinoside (AraC)
and assessed the different pathophysiological aspects of
the imposed chemical damage on the SVZ and the sur-
rounding brain parenchyma. Our findings indicate that
AraC administration not only disrupts SVZ niche integrity
and cytoarchitecture but also affects in neighboring dorsal
and ventral striatal striatum (STR), with most prominent
features being the recruitment of newborn NBs within
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dorsal STR myelin bundles and nucleus accumbens (NAc)
and the appearance of myelin defects in corpus callosum
(CC) and STR white matter (WM).

RESULTS

Persistent disruption of SVZ niche integrity and
ectopic recruitment of NBs in the STR and NAc

Our first goal was to evaluate SVZ niche response to AraC.
To this end, we investigated the impact of AraC infusion
on the ependymal layer and SVZ niche integrity, given
the injection site’s proximity to the ventricular walls. We
assessed ependymal cell organization using the S100p
marker following saline or AraC intraventricular infusion.
To ensure the precision of our analysis, our measurements
specifically concentrated on the ependymal layer, as S100p
is also expressed in astroglial cells. Our data reveal a signif-
icant loss of the ependymal layer on the ipsilateral side, a
condition evident as early as 4 days and persisting up to
6 weeks after AraC infusion (Figures 1A and 1C). At the
same time, qualitative analysis of CD133 (prominin-1), ex-
pressed by multiciliated ependymal cells and the primary
cilium of NSCs, indicates substantial loss of the ependymal
cell population (Figure 1A). In parallel, GFAP immuno-
staining reveals a loss of the astrocyte layer and instead
accumulation of hypertrophic astrocytes in the SVZ and
neighboring parenchyma (Figure 1B), consistent with pre-
vious findings that loss of ependymal layer and niche pro-
genitors triggers astrocytes to form a glial scar to replenish
the lost barrier (Luo et al., 2008). Collectively, these data
indicate a prolonged and extensive denudation of the
ependymal barrier in our model, partially substituted by as-
troglial scar formation.

To further assess the impact of AraC on the SVZ niche dy-
namics, we examined the fast-proliferating progenitors,
known as transit-amplifying cells. Utilizing the Ki67 prolif-
eration marker, we observed a notable reduction in prolifer-
ating niche cells, as expected, at 15-day and 6-week time
points post-infusion (p.i.) (Figures 1D and 1F). This decline
occurred bilateral but more pronounced on the ipsilateral
side when compared to the contralateral side (Figures 1D-
1F and 1G). Consistent with an intact ependymal layer,
the saline-treated group showed no significant difference
in SVZ proliferation (Figure 1F). Interestingly, we also
observed the significant decrease in MASH1 (ASCL1) pro-
genitors on the ipsilateral side at the 6-week time point,
but not contralaterally (Figures 1E and 1H), suggesting
that although proliferation is affected throughout the
SVZ niche, a subset of progenitors is preserved in the,
more distant to the chemical insult, contralateral side.
Overall, these data suggest that compensatory mechanisms
may occur on the contralaterally, which cannot be acti-
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vated to the same extent on the more severely affected ipsi-
lateral side.

Furthermore, while the population of DCX* NBs located
in the lateral walls showed a marked reduction compared
to normal conditions (Figures 1D and 1E), there is a
marked increase of DCX* cell numbers in the STR, which
is accompanied by a more dispersed pattern of their local-
ization around the rostral migratory stream (Figures 2A
and S1A). Additionally, a subpopulation of DCX* NBs is
localized in brain parenchyma regions adjacent to the
SVZ niche (Figure 2A). In particular, both chains of
DCX* NBs (circled) and single migrating NBs are observed
in the STR (Figure 2B, yellow arrow), in the CC, and to a
lesser extent, in the cortex and septum (Figure 2A).
Notably, striatal accumulation of NBs increases with time
and is much more pronounced ipsilaterally, than contral-
aterally (Figure 2C). An intriguing observation was that
AraC insult also induces a ventral SVZ response toward
the NAc (Figure 2A). As previously reported, a dense
cluster of NBs is normally observed in the ventral SVZ
(Sundholm-Peters et al., 2004), reported to give rise to me-
dium spiny neurons (MSNs) in the NAc during adulthood
(Garcia-Gonzalez et al., 2021). In our model, this cluster
appears dispersed accompanied by migration of DCX*
NBs, mainly toward the NAc, and the AC (Figure 2A).
Spatial mapping of DCX* NB localization adjacent to the
SVZ along the dorsoventral axis 6 weeks following AraC re-
vealed the presence of at least three exit points of NBs
from the SVZ: one in the Ilateral SVZ-RMS axis
(Figure 2E), one in the lateral SVZ (Figure 2E’) and a later
in the ventral SVZ (Figure 2E”). As expected, this diversion
disrupts the RMS, resulting in fewer NBs reaching the ol-
factory bulb (OB) and aberrant migration patterns among
those that do (Figures S1B-S1E). This indicates an overall
reduction in adult neurogenesis within the OB.

Migratory ectopic NBs accumulate in striatal myelin
bundles or differentiate when lying in gray matter

We next analyzed the ectopic recruitment of DCX* NBs in
the STR, as it the area with highest cell accumulation. Co-
staining with the myelin marker CNPase revealed that
DCX" migratory NBs are mainly located along the myelin
tracts of dorso-medial and ventro-medial quadrants of the
STR (Figures 3A-3C) and migrating rostrocaudally along
the internal capsule (IC) (Figures 3B and 3C). Quantification
of DCX* ectopic cells in the STR confirms that the majority
of them are found within myelin bundles (Figures 3D and
3E). The rerouting of a subpopulation of NBs to the striatal
myelin tracks, from their default SVZ-RMS migration route,
does not initiate acutely, as only few NBs are localized in the
STR 4 days p.i. Numerous redirected DCX* NBs become
evident ipsilaterally 15 days p.i. and their number increases
at 6 weeks (Figures 2C, 2D, 3D, and 3E).
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Figure 1. SVZ niche integrity disruption

(A and B) IHC representative images of (A) S100p and CD133 (B) GFAP in lateral wall.

(C-E) (C) IHC quantification of S100p volume for the ipsilateral SVZ wall. IHC representative images of (D) DCX and Ki67 (E) DCX and
MASH1, ipsi and contra to the infusion side.

(F) IHC quantification of Ki67* cells in lateral SVZ per field.

(G) Ratio of Ki67" cells in AraC-treated groups (15 days and 6 weeks) normalized to Ctl. Gray and red bars show percent decline relative to
Ctl (white).

(H) IHC quantification of MASH1* cells in lateral SVZ per field (vascular labeling is likely cross-reactivity).

Dotsin graphs (C, F, and H) represent different mice. Animals: n =3 (male and female). Data represent mean + SEM. *p < 0.05, **p < 0.01,
and ***p < 0.001 (one-way ANOVA). Scale bars: (A and D) 50 pm, (B) 40 pm, and (E) 30 pm.
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Figure 2. Ectopic recruitment of NBs to STR and NAc toward AC
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(A) 3D reconstruction of DCX* NBs ectopic distribution to STR and NAc 6 weeks p.i. (see also Methods S1). (A’) DCX* NBs distribution (gray)

in Ctl SVZ. No ectopic DCX observed.

(B) Higher-magnification 3D reconstruction showing NB clusters within myelin tracts (yellow dashed outline) of the STR, individual
migratory bipolar cells (yellow arrow), and more mature neuronal phenotypes (red arrow).

(C) Quantification of ectopic DCX+ cells in the STR per section.

(D) Density of DCX" cells in the ipsi STR. Confocal images of DCX and CNPase at exit sites from the SVZ to adjacent parenchymal areas.

(E) Chains of NBs leaving the RMS and entering myelin tracts.
(E’) Chains and single NBs detaching from the lateral SVZ wall.

(E”) NBs from the ventral SVZ entering the anterior commissure (AC).

Dots in (C and D) represent different mice. Animals: n = 3-4 (male and female). Data represent mean + SEM. *p < 0.05, ***p < 0.001, and
***%p < 0.0001 (one-way ANOVA). Scale bars: (A) 400 um, (A") 200 pm, (B) 25 pm, and (E-E”) 50 pm.

To confirm that myelin bundles serve as the migrating
substrate of redirected NBs and to assess the magnitude of
migrating cells, we performed 3D reconstruction of tracts
and cells along them 6 weeks p.i. We observed that
throughout the bundles, chains of migrating NBs are
densely clustered and appear to follow the anteroposterior
and dorsoventral direction of the myelin bundles
(Figure 3F). Additional immunohistochemical staining
showing presence of DCX" cells in epoxy semi-thin brain
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sections (Figure 3G) confirmed our prior findings. More-
over, electron microscopy (EM) analysis demonstrated
that numerous NBs located along myelin tracts contain
quite a few autophagosomes (Figure 3H, arrow) indicating
their migratory phase (Bressan et al., 2020).

We further characterized the DCX™ ectopic cells, mainly
organized in chains along myelin fibers (Figures 2B, 3F
and 4A), to gain a better insight into their identity. Immu-
nofluorescence experiments show no colocalization of
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Figure 3. NBs accumulation along striatal myelin bundles

AraC 6 weeks ipsi

(A-C) Representative images of ectopic DCX* cell distribution along the anterior-posterior ipsilateral STR in AraC, 6 weeks. Most NBs (DCX,
red) localize in myelin tracts (CNPase, green). Insets (Scalable Brain Atlas) show highlighted brain regions (A: caudoputamen; B and C:

internal capsule).

(D and E) Quantification of ectopic DCX* cells inside and outside striatal myelin bundles ipsi (D) and contra (E) to the infusion site.
(F) 3D reconstruction of myelin bundles (masked neurofilament, red) and NBs (DCX, green) from a segment of dorsolateral STR. Maximum
projection of 66 optical planes that are part of the reconstruction of 10 serial coronal sections (50 pm).

(G) IHC localization (peroxidase-DAB staining) of DCX" cells clustered along WM tracts of STR (epoxy semi-thin coronal section).

(H) Representative TEM microphotograph of a migrating NB along striatal myelin bundles, characterized by a nucleus with dispersed
chromatin, smooth scant cytoplasm and the presence of authophagosomes (yellow arrow).

Dots in (D and E) represent different mice. Animals: n = 3 (male and female). Data represent mean + SEM. *p < 0.05, **p < 0.01, and
***p < 0.001 (one-way ANOVA). Scale bars: (A-C) 500 and 50 pm, (F) 100 pm, and (H) 5 pm.

DCX with Ki67, BrdU, or MASH1, indicating that DCX*
migrating NBs are distinct from MASH1" progenitors and
do not proliferate. A small percentage of DCX" cells co-ex-
presses OLIG2 (Figure 4B, arrow), a finding also reported in
previous studies (del Aguila et al., 2022; Jablonska et al.,
2010). Interestingly, clustering of DCX* NBs according to
their morphology indicated that those accumulated inside
myelin bundles preserve an immature elongated pheno-
type, organized either in chains or as unipolar or bipolar

single cells (Figure 4A). Occasionally, DCX™ cells localized
outside myelin bundles in the surrounding gray matter pa-
renchyma exhibit a more differentiated neuronal pheno-
type, extending long processes and multiple dendrites
(Figure 4A”; Figure 2B, red arrow) and a subpopulation
co-express the mature neuronal markers i.e., NeulN
(Figures 4C and 4D), and the marker of MSNs CTIP2
(Figure 4E). In some cases, NBs outside myelin structures
have been observed to extend cytoplasmic projections
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Figure 4. differentiation of NBs in striatal grey matter

(A) NBs (DCX) in and out of striatal myelin tracks (Dil lipophilic labeling). White arrow indicates a cytoplasmic projection toward a myelin tract.

(B) Few DCX+ cells (arrow) express OLIG2.

(C and D) Several DCX+ cells in gray matter, co-expressing NeuN. (D’) Orthogonal view of a cell (arrow in D) expressing DCX and NeuN.

(E-E’) NBs (DCX) expressing CTIP2 (arrows). DAPI (blue).

Scale bars: (A and D) 30 pm, (A’-A") 20 um, (B-B”) 10 pm, (C) 50 pm, and (E-E”) 15 pm.

(Figure 4A, white arrow). All the aforementioned observa-
tions are highlighting a strong polarization of migratory
NBs toward myelin substrates and further suggest that
cell fate decisions and the maturation status of neuronal
progenitors are influenced by their spatial distribution in
diverse cellular substrates.
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AraC induces acute neuroiflammation with peripheral
cell infiltration and tissue loss of the periventricular
regions

A pronounced enlargement of brain ventricles was
observed at 6 weeks p.i (Figure 5A). To quantify this
finding, we performed measurements of the ventricular,
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Figure 5. Neuroinflammation with peripheral cell infiltration and periventricular tissue loss

(A) IHC representative images of whole brain coronal sections of Ctl and AraC 6-week groups illustrating the enlargement of ventricles, and
shrinkage of adjacent striatal and septal areas.

(B-D) Quantification of the ratio of (B-D). (B) Ventricles-to-brain areas (one-way ANOVA), (C) STR-to-brain areas, and (D) septum-to-
brain areas (Student’s t test).

(E-I) (E) IHC representative images of IBA1 and CD68 in STR, rostral, and lateral SVZ. Inset is a magnification of IBA1 in AraC, 4 days,
showing microglia with ameboid morphology. Quantification of IBA1 microglia volume in the (F) SVZ and (G) STR (one-way ANOVA).
Quantification of CD68 phagocytic microglia volume in the SVZ (H) and STR (I) (one-way ANOVA).

(J) IHC illustrating cells double-stained for CD45 and netrin-1 lying in SVZ and adjacent regions 15 days p.i.

(K) Quantification of the number of CD45*/netrin® cells per section.

Dots in (B-D, F-I, and K) represent different mice. Animals: n = 3-4 (male and female). Data represents mean + SEM. *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001 (one-way ANOVA and Student’s t test for C and D). Scale bars: (A) 1,000 pm, (E) 50 pm, (inset)
20 pm, (J) 30 pm, and (J’) 10 pm.
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Figure 6. Impaired oligodentrocyte lineage progression and myelin structure dysregulation

(A and B) Representative confocal images of OLIG2*/CC1" cells in (A) STR and (B) CC.

(C-E) (C) Quantification of the density of OLIG2* cells in the STR. Quantification of the density of CC1*/0LIG2" cells in (D) STR and (E) CC.
(F) Representative TEM microphotographs of the myelinated axons.

(G) Quantification of myelin sheath thickness by g-ratio (Mann-Whitney test).

(legend continued on next page)
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striatal and septal areas. In 6 weeks, ventricle-to-brain area
ratio is significantly increased ipsilaterally, while the
contralateral side exhibits no significant difference
(Figure 5B). Since the average area of whole brain sections
remained unchanged, we hypothesized that the observed
ventriculomegaly should be attributed to tissue loss. To
elucidate this, we measured the ipsilateral striatal and
septal areas, both significantly decreased, indicating
ongoing degeneration (Figures 5C and 5D).

As known from previous reports, neuroinflammation
stands as the starting point of a series of events that can ul-
timately lead to tissue loss, thus considered a significant
risk factor for neurodegeneration (Zhang et al., 2023). We
therefore evaluated SVZ neuroinflammation in our model,
and our data reveal a robust acute neuroinflammatory
response along the SVZ dorsoventral axis at 4 days. This
response is characterized by pronounced microglial activa-
tion (Figure SE), particularly near the ventricular and septal
walls, and into surrounding parenchyma. Quantification
of microglial activation revealed a significant transient in-
crease in the volume of IBA1* cells at 4 days, which is
evident both at the SVZ and the more distal striatal area
(Figures SF and 5G). This enhanced activation was accom-
panied by increased phagocytic phenotype, as evidenced
by increase expression of the CD68 in SVZ and STR
(Figures 5E-SI) and a shift to ameboid morphology,
indicating high activation at 4 days p.i. (Figure SE, inset).
However, by 6 weeks, microglial cells have returned to
their resting state with distinct ramified morphology
(Figures S5E-SI).

Emerging data indicate that several chemotherapeutic
agents are detectable within the CNS (Jacus et al., 2016;
Wardill et al., 2016), suggesting a potential disruption of
the CNS barriers, which results in infiltration of peripheral
cells into the brain. To test whether this is also the case in
our model, we immunostained for CD45 (leukocytes) and
CD3 (T cells) to assess peripheral cell infiltration inside
the brain. Thus, we examined their presence in the choroid
plexus (CP), which we considered more susceptible to
disruption due to its location inside the ventricles and peri-
ventricular parenchyma. Indeed, a presence of CD3™ cells
(Figure S2B) and CD45" (Figure S2C), as early as 4 days
p-i., is prominently noted within and crossing the CP, indi-
cating a compromise in the integrity of the blood-cerebro-

spinal fluid barrier (B-CSF). As anticipated, the control (Ctl)
group showed very few, if any, peripheral cells at the
CP entry point (Figure S2A) or the neighboring striatal
parenchyma (Figure S2A’). Interestingly, a population
of CD45%/CD3~ immune cells infiltrated through CP
(Figure S2C') to the brain parenchyma, expressing
netrin-1, known to play a role in axon guidance, as soon
as 4 days after AraC infusion (Figures 5]-5K and S2D-
S2E'), with its expression persisting for up to 6 weeks
(Figures 5K, S2F, and S2F'). Particularly, this population is
localized in the lateral walls, CC and striatal parenchyma,
often arranged in characteristic stacks in or around vessels
(Figures S2F and S2F), indicating that, in addition to the
loosening of the B-CSF, BBB leakage may occur.

Dysregulation of oligodendrocyte lineage dynamics
and myelin homeostasis

Given the significant accumulation of ectopic NBs primar-
ily along striatal myelin tracts, we assessed their impact on
myelin and the properties of myelinating cells. Chemo-
therapeutics are known to cause oligodendrocyte lineage
dysregulation due to neuroinflammation, leading to dis-
rupted myelination (Gibson et al., 2019). To determine if
this occurs in our model, we quantified OLIG2" cells in
the STR post-AraC infusion. Our results indicate a reduc-
tion in the number of OLIG2* cells starting from the
15-day time point, which appears to be significant at
6 weeks (Figures 6A and 6C). We then estimated the num-
ber of mature oligodendrocytes in the STR and CC by co-
immunostaining with CC1 and OLIG2. At 6 weeks, mature
CC17/OLIG2" oligodendrocytes we significantly reduced
in both ipsilateral and contralateral STR (Figures 6A and
6D), a similar trend was observed in the CC, but was not sig-
nificant (Figures 6B and 6E). To decipher whether the loss
of mature oligodendrocytes affects myelination, we used
transmission electron microscopy (TEM) to scrutinize brain
ultrastructure. Myelin sheath thickness was markedly
reduced in the CC (Figure 6F), as reflected by increased
G-ratio (Figures 6G and 6H), 6 weeks following AraC
administration. Reduced diameter of myelin sheath is
accompanied by the presence of infolded myelin loops
(Figure 6], yellow stars) and degenerated axons (Figure 0],
red stars) indicative of dysmyelination and neurodegenera-
tion respectively. Myelinated axon numbers in the CC

(H) Scatterplot of individual g-ratio versus axonal diameter. The g-ratio of each measured fiber is indicated by a single circle.

(I) Quantification of myelinated axons per field.

(J) Representative image of degenerated axons (red stars) and infolded myelin loops (yellow stars) observed in an AraC 6-week group.
(K) Representative image of western blot bands for CNPase and GAPDH (same blot).

(L-L") Quantification of CNPase protein levels normalized to GAPDH and expressed relative to Ctl group.

Dots in (C-E, I, and L-L') represent different mice and in (G and H) represent different axons. Animals: n = 3-4 (male and female). Data
represents mean + SEM. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.00010001 (one-way ANOVA and
Student’s t test for L-L'). Scale bars: (A and B) 50 pm and (F and J) 1 pm.
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Figure 7. Expression profiling of migration-regulating genes by quantitative real-time RT-PCR
Quantification of mRNA levels of target genes in the STR, including Sit2, Nos1, Cxcl12, Ntn1, Mmp9, Mmp2, Sema3a, and Sema4c, shown in

(A-H).

Dots in (A-H) represent different mice. Animals: n = 3-5 (male and female) Data represent mean + SEM. *p < 0.05 and **p < 0.01 (one-

way ANOVA).

declined slightly, but not significantly (Figure 6I). In
accordance with the EM findings, the protein levels of
CNPase myelin-associated enzyme were found to decrease,
with a significant reduction at 6 weeks p.i (Figures 6K, 6L,
and 6L’).

Differential expression of genes associated with the
regulation of migration

Considering the aberrant migration from the SVZ neuro-
genic niche after AraC administration, we aimed to explore
the underlying molecular mechanisms. Thus, we assessed
mRNA levels of genes related to migration, neurogenic
commitment, and positioning of newborn neurons in the
ipsilateral striatum at three time points post-treatment.
Initially, we evaluated the expression of Slit2 that is
involved in the regulation of migration and axonal projec-
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tion in homeostasis and injury (Kaneko et al., 2018). Its
elevated trend through the timeline with a significant in-
crease in 6 weeks, aligns with our data for the presence of
DCX+ ectopic cells in the striatum, making Slit2 a potential
important factor that drives this aberrant migration
(Figure 7A). Subsequently, we explored the expression of
Nos1, known for its role in suppressing proliferation of
NSCs and in promoting neuronal fate commitment and
differentiation (Jin et al., 2017). Our analysis revealed an
increase of its expression levels 15 days p.i. (Figure 7B), sug-
gesting a response to chemical injury favoring neurogenic
commitment of NSCs. Driven by the migration alterations
neuroblasts exhibit upon AraC treatment, we next assessed
the expression levels of Cxcl12 (also known as SDF1),
ligand of CXCR4 receptor, a well-established chemokine
that promotes migration (Mimura-Yamamoto et al.,,



2017). Cxcl12levels in the striatum show a notable increase
at 15 days (Figure 7C) concomitant with the observed
ectopic neuroblasts’ migration. Since NB migration de-
pends on extracellular matrix (ECM) remodeling via metal-
loprotease activation, which mediates the chemotactic
function of SDF-1 (Janowska-Wieczorek et al., 2000), we
next examined MMP2 and MMP9. Interestingly, Mmp2
expression is increased in striatum only 4 days p..
(Figure 7F), while Mmp9 levels are elevated only after
6 weeks in the striatum (Figure 7E). These differences are
in line with previous reports of a transient increase of
Mmp2 levels during early BBB breakdown (Chang et al.,
2003), whereas Mmp9 seems to play a role in delayed dam-
age (Yang et al., 2007). Apart from durotactic cues, such as
MMPs, we examined the chemotactic molecule sema-
phorin 3A mostly known for its role in dendritic branching
(Ng et al., 2013). The mRNA expression of Sema3a in the
striatum indicates a persistent notable increase from
15 days up to 6 weeks as compared to the control and
4-day groups (Figure 7G). Likewise, the expression of
Ntnl, an axon guidance cue, shows a significant increase
as early as 4 days that persists up to 6 weeks, though at a
lower level (Figure 6D). Increased Ntnl expression might
be attributed to the aforementioned observation of a ne-
trin-1+ population of infiltrating cells (Figures 7I-7G) and
suggest their potential role in ectopic neuroblasts migra-
tion, as part of their contribution in neuronal repair as pro-
posed in other studies (Madison et al., 2000). Lastly, driven
by a recent study that proposed that plexin B2-semaphorin
4C complex plays a role in glioblastoma cell invasion into
fiber tracts (Huang et al., 2021), we examined the expres-
sion of Sema4c in our model. Our results indicate a signifi-
cant increase of Sema4c levels 15 days p.i (Figure 7H).

Taken together, our data indicate that the factors exhibit-
ing altered transcriptional levels are related to the guidance
of migratory neuroblasts and mostly start being affected in
the mid-term of 15 days p.i, while they remain elevated at
6 weeks. On the other hand, molecules linked to BBB
rapture and peripheral cells’ infiltration after injury, such
as MMPs and netrin-1, present a more diverse time-related
pattern, which likely reflects the long-term disturbance of
homeostasis in our model.

DISCUSSION

Our experimental model, involving intraventricular
infusions of the antimitotic agent AraC—a compound
commonly used in chemotherapeutic protocols (Reese
and Schiller, 2013)—offers valuable insights into the
brain’s adaptive responses to chemical injury and mimics
features commonly observed in chemo brain. Notably,
this approach reveals previously uncharacterized adult

neurogenesis-related alternative migratory routes mobi-
lized following brain injury. Importantly, we report for
the first time a specific preference for a large number of
ectopically recruited neuroblasts along the rostro-caudal
axis of striatal IC fibers, as well as the latent activation of
a ventral migratory stream through the NAc toward the
anterior commissure, possibly attracted to and involved
in the support or repair of compromised myelin structures.
While previous studies have shown that brain insults,
such as stroke, mobilize SVZ neurogenesis toward injured
sites, often migrating along vasculature (Ohab et al.,
2006), and that demyelinating conditions recruit SVZ-
derived cells mainly differentiating into oligodendrocytes
(El Waly et al., 2022), our findings highlight the activation
of alternative long-distance migration pathways. These
pathways enable a substantial number of newborn neu-
rons to migrate over extended time frames using myelin
tracts, which may play a supportive role in maintaining
or repairing the structural integrity compromised by
injury.

Chemotherapeutic agents induce cytotoxicity through
DNA damage, reactive oxygen species, and stress responses,
with ependymal cells being especially vulnerable (Ren
et al., 2019; Was et al., 2022). Our model reproduces acute
and persistent ependymal loss and ventricular wall degen-
eration, leading to ventricular dilation characteristic of hy-
drocephalus ex vacuo—a pathology common in stroke and
neurodegenerative conditions (Reider-Groswasser et al.,
2002). These alterations, linked to cognitive impairment,
are also documented in aging and injured human brains
(Shook etal., 2014; Todd et al., 2018). The balance between
NSC pool maintenance and cellular differentiation de-
pends on microenvironmental signals received not only
from intercellular interactions within the neurogenic
niche, but also from the CSF and vasculature (Chaker
etal., 2016). In this light, disruption of the ependymal cells
ipsilaterally is, among other factors, responsible for the
change in the rate of NSC proliferation and differentiation.
In accordance with this line, in our model, we observe
reduced proliferation levels of the total NSC population
up to 6 weeks after AraC administration on both sides;
however, to a lesser extent contralaterally. This finding sug-
gests that with the scheme we applied, along with the sig-
nificant reduction in the number of rapidly proliferating
NSCs, the pool of slowly proliferating NSCs is also affected,
since previous data have shown that following elimination
only of the rapidly proliferating SVZ cells with antimitotic
agents, the neurogenic niche is regenerated in less than
10 days due to recruitment of slowly proliferating NSCs
(Doetsch et al., 1999). Notably, proliferation keeps
decreasing throughout the weeks also on the contralateral
side, possibly reflecting a long-term imbalance of the
extrinsic cues that regulate SVZ niche dynamics such as
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those derived from CSF, blood vessels, neuronal projec-
tions, and cell-cell interactions.

Of note, the alterations in the cellular scaffold on which
the NBs migrate along with the imbalance of factors they
receive from the niche microenvironment, affect their
migratory behavior. Previous studies have reported that
in response to injury, NBs are recruited to non-neurogenic
lesioned parenchymal regions in an attempt to support
regeneration (Arvidsson et al., 2002; Parent et al., 2002).
As previously reported the neurogenesis toward lesioned
sites significantly impacts the RMS-OB pathway by divert-
ing NBs from their typical destination (Lindvall and
Kokaia, 2015; Young et al., 2011). This redirection alters
migration dynamics ultimately leading to decreased OB
neurogenesis, a phenomenon also observed in our model.
Neuroblasts’ redirection could be also attributed to
netrin-1, a guidance molecule shown to promote the
migration of SVZ-derived neuroblasts toward demyelin-
ating lesions (Cayre et al., 2013). The role of netrin-1" pe-
ripheral cells is not yet elucidated, but its expression may
suggest potential involvement in neural regeneration, as
proposed by studies in other tissues (Ding et al., 2021;
Gao et al., 2021). Interestingly, other studies have reported
a possible connection between CD45" cells’ presence in
the SVZ and NB emigration from the niche (Goings
et al., 2008).

A key finding in our study is the ectopic appearance of
NBs and their presence along myelin fibers in CC, STR,
and AC. Myelin fibers are known to serve as a permissive
migration substrate for NBs, with WM also reported as a po-
tential site for secondary neurogenesis (Cayre et al., 2006,
2010; Costine et al., 2015; Luzzati et al., 2014). The myelin-
ated environment biases cells toward migratory states
(Chen et al., 2015) while inhibiting neuronal maturation
(Hosseini et al., 2022). Conversely, the emergence of a sub-
population of more differentiated NBs in the striatal gray
matter is possibly attributed to the permissive ECM sub-
strates (Mruthyunjaya et al., 2010; O’Connor et al., 2025)
and neurotrophic factors secreted from neighboring
neurons.

Many studies have reported that significant neuronal
loss due to damage in areas adjacent to neurogenic niches
could redirect the fate of stem cell-derived NBs not only to
migrate to the damaged area but also to differentiate into
regionally appropriate neuronal subtypes such as
midbrain dopamine neurons (Zhao et al, 2003) and
MSNs (Arvidsson et al., 2002; Parent et al., 2002). How-
ever, this hypothesis is still controversial, with other
studies supporting that ectopic NBs in STR cannot alter
their differentiation potential to become striatal projec-
tion neurons, but rather maintain their identity as OB in-
terneurons (Liu et al., 2009). Our results indicate that a
fraction of newborn neurons acquires more mature char-
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acteristics and may adopt a striatal projection neuron
identity, localizing exclusively within the gray matter pa-
renchyma. Previous studies in CNS injury models also re-
ported neuronal maturation, evidenced by NeuN and
GADG67 expression, occurring exclusively in gray matter
(Cummings et al., 2005).

The presence of radial glia-like cells, and NBs in the
ventral part of the SVZ (Sundholm-Peters et al., 2004)
together with the mapping of different transcription fac-
tors expressed along the SVZ dorsoventral axis (Chaker
et al., 2016; Merkle et al., 2007), highlight the cell hetero-
geneity between the dorsal and ventral parts of the SVZ.
These distinct SVZ domains may exhibit a greater extent
of functional diversity than originally thought, a hypoth-
esis reinforced by arising secondary migratory routes from
ventral SVZ, either producing newborn, postnatal and
adult MSNs in NAc (Garcia-Gonzalez et al., 2021) or
granule neurons in the Calleja islands and olfactory tuber-
cle postnatally (De Marchis et al., 2004). In this light,
the extensive migration of NBs from the ventral SVZ to
the NAc as uncovered by the intraventricular administra-
tion of AraC, reflects an inactive, under physiological con-
ditions, migratory pathway toward subcortical brain
regions.

Recent studies highlight the existence of latent neuro-
genic potential in striatal and cortical astrocytes following
injury or genetic manipulation (Fogli et al., 2024;
Magnusson et al.,, 2014; Nato et al.,, 2015; Zamboni
et al., 2020; Zhang et al., 2022). However, the absence of
proliferating clusters in the STR within our experimental
model, contrary to findings in other studies that report
local progenitor proliferation, suggests that local cell
trans-differentiation is unlikely. Nevertheless, reviewing
published images from studies of local neurogenesis
(Magnusson et al., 2014; Zhang et al., 2022; Fogli et al.,
2024), we noted that NBs derived from striatal astrocytes
exhibited a strong tropism fort the myelin bundles of
the STR. However, this finding was not pointed out and
discussed in any of these studies. Under this light, the pos-
sibility that a population of local astrocytes lining along
myelin tracts has a distinct neurogenic potential cannot
be ruled out.

Changes in myelin integrity have been pointed out as a
significant feature of chemo brain pathology (Wang et al.,
2013), particularly associated with long-term neurological
deficits (Anderson et al., 2000; Winocur et al., 2006).
Recent findings from Gibson and colleagues, suggest that
systemic administration of methotrexate, another chemo-
therapeutic agent, results in myelin sheath defects along
with a persistent glia dysregulation mediated by microglia
activation (Gibson et al.,, 2019). Our results are in
accordance with these observations, showing a similar dys-
regulation of oligodendrocyte lineage and deficits in



myelin ultrastructure, raising the question of whether NBs
accumulation is directed toward WM tracts in an attempt
to support reparative mechanisms possibly taking place.
It has been proposed that upon demyelination, SVZ NBs
can be rerouted toward lesioned sites undergoing a sponta-
neous trans-differentiation to oligodendrocytes (Jablonska
et al., 2010; El Waly et al., 2022). The few ectopic DCX
+/OLIG2" cells along with the increased Nos1 expression
levels—known to promote neuronal fate commitment
and differentiation—found in our model do not point to
this direction; however, fate-mapping approaches would
be more appropriate to evaluate this possibility. Interest-
ingly, recent findings provide evidence on the role of
ectopic NBs during ischemia in providing trophic support
for neural repair through VEGF production (Williamson
et al.,, 2023), rather than a direct neuronal replacement
that was the predominant hypothesis. This is particularly
interesting considering that in most studies, even though
NBs can acquire mature characteristics, their nature is tran-
sient, and only few are integrated into the neural circuits
(Yamashita et al., 2006). In this view, the retention of the
large number of NBs along the WM tracts in our model
may suggest a protective role on the affected axons. Yet,
further experiments are needed to elucidate such
hypotheses.

Limitations of the study

Viral tracing was performed using the AAV-GFAP-Cre vec-
tor (pAAV.GFAP.Cre. WPRE.hGH) injected into the STR or
LVs of ROSA26-YFP mice to label NCSs and/or neurogenic
astrocytes. However, we abandoned this approach due to
extensive off-target neuronal labeling, aligning with recent
findings that question the specificity of AAV-based astro-
cyte lineage-tracing approaches (Wang et al., 2021).

Conclusions: Future directions

Flucidating the mechanisms that direct NB migration
shifts is crucial for developing effective therapies for brain
injury. Myelin tracts appear to provide a suitable substrate
for NB migration, and a subpopulation of these NBs can
differentiate into region-specific mature neurons. Thus,
creating myelin-based scaffolds to steer NB migration
over long distances to specific injury sites could be highly
valuable. Additionallyy, WM tracts serve as invasion
routes for glioblastoma cells, causing detrimental effects
(Cuddapah et al., 2014). Given that the human SVZ may
be a niche for tumor-initiating glioma cells (Piccirillo
et al.,, 2015), shared mechanisms underlying aberrant
migration after brain injury and glioblastoma invasion
might be uncovered. By highlighting multiple guidance
and tissue remodeling cues involved in injury response,
we gain initial insight into the complex processes that
govern NB positioning and fate determination.

METHODS

Animal procedures

All surgeries and experimental procedures were performed
in compliance with European and National legislation for
Laboratory Animal Use (Guideline 2010/63/EE and Greek
Law 56/2013) according to FELASA recommendations for
euthanasia and the Guide for Care and Use of Laboratory
Animals of the National Institutes of Health. All protocols
were approved by the Institutional Animal Care and Use
Committee of the Hellenic Pasteur Institute (Animal
House Establishment Code: EL 25 BIO 013) and the License
No 5677/25-09-2012 for experimentation was issued by
the Greek authorities (Veterinary Department of Athens
Prefecture).

Stereotaxic injection

Animals were anesthetized with 4% isoflurane, positioned
in the stereotaxic apparatus and injected with 10 pl
Hamilton syringe. Injection coordinates are as follows:
AraC 3% (w/v) (6pL; dissolved in 0.9% NaCl) AP:
—0.3 mm, ML: +1.0, DV: -2.5.

3D reconstructions
3D reconstructions were performed as described before
(Luzzati et al., 2011).

Extended experimental procedures are described in
supplemental information.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents
should be directed to the lead contact, Dimitra Thomaidou
(thomaidou@pasteur.gr).

Materials availability
This study did not generate any unique reagents.

Data and code availability
Primary data and information to re-analyze them are available
from the lead contact upon request.
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