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ABSTRACT
Radiation-induced neurocognitive dysfunction (RIND) has attracted a lot of attention lately due to the significant
improvement of the survival of cancer patients after receiving cranial radiotherapy. The detailed mechanisms are
not completely understood, but extensive evidence supports an involvement of the inhibition of hippocampal
neurogenesis, which may result from radiation-induced depletion of neural stem cells (NSCs) as well as the damage
to neurogenic niches. As an important component of neurogenic niches, vascular cells interact with NSCs through
different signaling mechanisms, which is similar to the characteristics of radiation-induced bystander effect (RIBE).
But whether RIBE is involved in neurogenesis inhibition contributed by the damaged vascular cells is unknown.
Thus, the purpose of the present study was to investigate the occurrence of RIBEs in non-irradiated bystander NSCs
induced by irradiated bEnd.3 vascular endothelial cells in a co-culture system. The results show that compared with the
NSCs cultured alone, the properties of NSCs were significantly affected after co-culture with bEnd.3 cells, and further
change was induced without obvious oxidative stress and apoptosis when bEnd.3 cells were irradiated, manifesting as
a reduction in the proliferation, neurosphere-forming capability and differentiation potential of NSCs. All these results
suggest that the damaged vascular endothelial cells may contribute to neurogenesis inhibition via inducing RIBEs in
NSCs, thus leading to RIND.
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INTRODUCTION
While advanced radiation therapy (RT) technology significantly
increases the overall survival of patients with primary and metastatic
brain tumors, it may cause injury to the brain. Among different types
of radiation-induced brain injury, neurocognitive dysfunction may
occur at a ratio as high as 50–90% in patients who undergo whole
brain radiation therapy (WBRT) and survive for more than six months
[1]. The symptoms of radiation-induced neurocognitive dysfunction
(RIND) include intellectual impairment, memory loss and dementia,
which progress over time, thus severely deteriorating the quality of
life of cancer patients after RT. Although the mechanisms underlying

RIND are still unclear, a lot of evidence indicates that radiation-caused
injury to the hippocampus, a crucial area of the brain in charge of
learning and memory, is responsible for the occurrence of RIND
[2]. It has been found that the neurocognitive functions of children
receiving cranial RT were negatively correlated to the radiation dose
to the hippocampus [3], and cognitive functions may be preserved
via hippocampus avoidance during WBRT [4, 5]. More specifically,
radiation-induced hippocampal neurogenesis inhibition plays an
important role. Pharmacologic agents such as Baicalein and lithium can
ameliorate RIND through attenuating radiation-induced neurogenesis
inhibition [6, 7]. Moreover, neural stem cell (NSC) transplantation
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can restore cognitive function, in which a certain percentage of
engrafted NSCs survive, migrate, differentiate and integrate into the
hippocampus [8].

Radiation-induced damage to NSCs is one of the major factors
for radiation-induced neurogenesis inhibition. In addition to direct
damage to NSCs, the non-targeted damage to NSCs, e.g. radiation-
induced bystander effects (RIBEs) may also kill NSCs, inhibit NSC
proliferation and differentiation, eventually leading to neurogenesis
inhibition [9]. RIBEs, referring to the biological changes observed
in non-irradiated cells when they receive intercellular communication
signaling from nearby irradiated cells [10]. In spite of the intensive
study on RIBEs in the past 30 years, it still remains unclear what
role RIBEs play in radiation-induced tissue injury. We have previously
demonstrated that irradiated cancer cells can induce bystander effects
in NSCs in turn contribute to neurogenesis inhibition and cognitive
impairment, suggesting that RIBEs may be one of the mechanisms
underlying RIND [11].

Neurogenic niches comprising NSCs and other cell types such as
endothelial cells, microglia, etc. provide a suitable microenvironment
for neurogenesis [12, 13]. Therefore, the long-lasting perturbations in
neurogenic niches caused by radiation, e.g. inflammatory response and
abnormal association between NSCs/precursor cells and microvas-
culature also contribute to radiation-induced neurogenesis inhibition
by inhibiting the proliferation and neuronal differentiation of NSCs
[14]. Besides these long-term alterations, radiation causes endothelial
cell damage and vascular disruption soon after exposure [15]. And
damage from directly irradiated endothelial cells can be transferred to
surrounding non-irradiated endothelial cells through bystander signal-
ing leading to more extensive damage [16]. But it is not clear whether
the damaged endothelial cells can induce RIBEs in NSCs, thus causing
NSC dysfunction.

Therefore, this study aimed to evaluate how irradiated microvascu-
lar endothelial cells affected non-irradiated NSCs. It was found that in a
co-culture system irradiated bEnd.3 endothelial cells induced medium-
mediated bystander effects in non-irradiated NSCs, which manifested
as reduced cell proliferation, impaired self-renewal and differentiation.

MATERIALS AND METHODS
Cell culture

bEnd.3 cells purchased from Procell Life Science & Technology Co.
Ltd (China) were cultured in DMEM medium (Gibco, USA) contain-
ing FBS (10%, Gibco, USA) and Penicillin-Streptomycin (1%, Bey-
otime, China) in an incubator with 5% CO2 at 37◦C. The doubling
time of bEnd.3 cells growing exponentially (passages 12–20) used for
the experiments was approximately 20–24 h, which was calculated by
the formula: Doubling time = duration × ln (2)/ln (final cell number-
s/initial cell number).

The Medical Experimental Animal Care Guidelines of Soochow
University were strictly complied with in all animal procedures. As
previously described [17], NSCs were isolated from cerebral cortex
of the fetuses growing in C57BL/6 mice at E12.5 days of gestation.

Fig. 1. bEnd.3 cells are radiosensitive. (a) Representative
photos of bEnd.3 clones and the survival curve of bEnd.3 cells
after X-ray exposure. (b) Representative images of MN and the
MN formation frequency of bEnd.3 cells 48 h after
X-irradiation. (c) Representative flow cytometry dot plots for
apoptosis at 24 h post IR and quantification of apoptosis rate of
bEnd.3 cells after X-irradiation with different doses. (d)
Representative cell cycle histograms for bEnd.3 cells at 48 h
post X-irradiation and quantification of cell cycle distribution
of bEnd.3 cells at different times after different X-irradiation
doses. p < 0.05, 0.01 and 0.001 between two groups are
denoted by ∗, ∗∗ and ∗∗∗, respectively.
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Fig. 2. Irradiated bEnd.3 cells did not induce significant apoptosis and oxidative stress in bystander NSCs. (a) Representative flow
cytometry dot plots for apoptotic NSCs after 24 h of co-culture with bEnd.3 cells. (b) Apoptosis rate of NSCs after co-culture with
bEnd.3 cells. (c) Intracellular ROS levels of NSCs after co-culture with bEnd.3 cells for 1 h. p < 0.05 and 0.01 between two groups
were denoted by ∗ and ∗∗, respectively.

The obtained NSCs were then cultured in an incubator with 5%
CO2 at 37◦C in the proliferation medium, i.e. DMEM-F12 (Gibco,
USA) supplemented with B27 (2%, Gibco, USA), bFGF (20 ng/ml,
Sigma-Aldrich, USA), EGF (20 ng/ml, Sigma-Aldrich, USA) and

Penicillin-Streptomycin (1%, Beyotime) in T25 culture flasks at a start-
ing density of 2 × 105 cells/ml. NSCs were sub-cultured every 4 days
after neurospheres were formed. The NSCs used in the experiments
were from passage 3 to passage 6 with a doubling time of 24 h.
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Irradiation and co-culture system
7 × 104–1 × 105 bEnd.3 cells per well were plated on the coverslips
in 12-well plates. After 24 h, bEnd.3 cells were irradiated by RAD
SOURCE RS2000 X-ray machine (160 kVp, 25 mA, 0.3-mm Cu
filter, USA) at room temperature (RT) at 1.16 Gy/min, which was
determined by Accu-Dose™ Radiation Measurement System (Radcal
Corporation, USA). bEnd.3 cells receiving 0 Gy of X-rays, i.e. sham-
irradiated cells were used as control. Meanwhile, 2 × 105 NSCs were
seeded in each well of 6-well plates. Immediately after irradiation,
the coverslips with bEnd.3 cells were transferred to transwell culture
inserts with a membrane of 0.4 μm pore size (Millipore, USA), and
the inserts were then put into co-culture with NSCs in 6-well plates.
Thus the irradiated bEnd.3 cells and unirradiated NSCs shared the
same NSC medium but were not in direct contact.

Clonogenic assay
Depending on the radiation dose, bEnd.3 cells were plated into 60-
mm petri dishes with different cell numbers. After replenished with
fresh medium 24 h later, cells were X-irradiated. The cells were kept
in culture at 37◦C for two weeks. After fixed with methanol followed
by methylene blue staining (Sangon Biotech) at RT for 15 min for
each step, the colonies containing at least 50 cells were counted. The
surviving fraction (SF) of irradiated cells was calculated using the
formula: SF = number of colonies counted/(number of cells plated ×
(PE/100)). PE represents plating efficiency of sham-irradiated bEnd.3,
which was determined as 34%. The cell survival dose–response curve
of bEnd.3 cells was plotted using the survival fraction against the irra-
diation dose.

Micronucleus (MN) formation assay
bEnd.3 cells plated on coverslips were irradiated with X-rays. After 48 h,
the cells were fixed with methanol/acetic acid fixative (V:V = 3:1)
for 10 min at RT and let air dry. Following rehydration, the cells
were stained with 5 mg/ml 4′, 6′-diamidimo-2-phenylindole (DAPI,
Beyotime, China) for 5 min. The nuclei with micronucleus were
counted under a fluorescence microscope (Leica DM2000). At least
1000 cells per sample were examined. Micronucleus frequency was
calculated by the formula: The percentage of positive cells with
micronucleus = (the number of positive cells with micronucleus/the
number of cells counted) × 100%.

Apoptosis determined by flow cytometry
bEnd.3 cells were X-irradiated 24 h after plating. The cells were col-
lected at different times after irradiation. For NSCs, after co-culture
with bEnd.3 cells for different times, NSCs were dispersed into sin-
gle cells and collected. The collected cells were then resuspended
in Annexin V-FITC binding solution and stained with Annexin V
FITC/PI (BD Biosciences, USA) for 15 min at RT. Apoptotic cells
were determined on a flow cytometer (BD FACSVerse, USA). ModFit
LT3.2 Software was used for quantification of apoptosis.

Cell cycle distribution determined by flow cytometry
bEnd.3 cells were X-irradiated. At 24, 48 and 72 h post IR, cells
were harvested and fixed in 70% ethanol overnight at 4◦C. The cells

were washed with cold PBS and stained with propidium iodide (PI)
(0.1 mg/ml) in the dark. Cell cycle distribution was then determined
on a flow cytometer (BD FACSVerse, USA). ModFit LT3.2 Software
was used to analyze the data.

Measurement of intracellular reactive oxygen
species (ROS)

The intracellular ROS levels of NSCs were determined with Cellular
ROS Detection Assay Kit (Abcam, UK). NSCs were incubated with
20 μM DCFDA at 37◦C for 30 min in the dark followed by co-culture
with bEnd.3 cells. One hour later, NSCs were collected and suspended
in 1.5 ml Eppendorf tubes with DMEM/F12 free of phenol red and
B27, then the ROS level of NSCs was measured on a BD FACSVerse
flow cytometer. BD FACSuite Software was used to analyze the data.

Cell proliferation assay
The neurospheres formed by NSCs co-cultured with bEnd.3 cells for
72 h were harvested and dispersed into single cells. Scepter Automated
Cell Counter (Millipore, USA) was used to count NSC number.

Measurement of neurosphere size
Single cell suspension was made out of the neurospheres formed by
NSCs co-cultured with bEnd.3 cells for 72 h. The NSCs were then
seeded into a 96-well plate and cultured at 37◦C for 72 h. Photos of
the neurospheres of each group were taken using a light microscope
(Olympus, IX73, Japan). Diameter of the neurospheres was measured
using Image J.

Stemness maintenance of NSCs assessed by
immunofluorescent microscopy

Immunofluorescence staining of nestin was performed to evaluate the
stemness maintenance of NSCs [18]. The NSCs co-cultured with
bEnd.3 cells for 72 h were re-seeded in 12-well plates containing poly-
D-lysine-coated coverslips and cultured in the proliferation medium at
37◦C. Two hours later, the cells were fixed in 4% paraformaldehyde for
15 min at RT. Following permeabilization and blocking, the NSCs were
sequentially incubated with anti-nestin antibody (Genetex, USA) at
4◦C overnight and cy3-conjugated goat anti-rabbit secondary antibody
(Beyotime, China) for 1 h at RT. The cells were examined under
a fluorescence microscope (FV1200, Olympus, Japan) after counter-
stained with DAPI (5 μg/ml, Beyotime, China) for 5 min. At least 500
cells per sample were examined.

Differentiation potential of NSCs evaluated by
immunofluorescent microscopy

The NSCs co-cultured with bEnd.3 cells for 72 h were re-seeded on
poly-D-lysine-coated coverslips in 12-well plates and cultured at 37◦C
for 72 h in neuronal differentiation medium (DMEM/F12 containing
penicillin-streptomycin (1%), B27 (2%), retinoic acid (5 mM) and
FBS (0.5%)) and glial differentiation medium (DMEM/F12 contain-
ing penicillin-streptomycin (1%), B27 (2%), forskolin (5 mM) and
FBS (1%)), respectively. As described [11, 17], the cells were fixed and
immunostained for Tuj1 and GFAP, respectively. The stained cells were
photographed using a FV1200 fluorescence microscope. For analysis of
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positive cells, at least 500 cells per sample were examined. For analysis
of neurites and protrusions, 50 neuronal/glial cells were measured for
each sample.

Statistical analysis
The data are presented as the means of three independent experiments
± standard error (SEM). Difference between any two groups was
analyzed using one-way ANOVA followed by Tukey’s multiple com-
parison test with Origin Pro 2019b software. The difference between
groups was considered statistically significant when p < 0.05.

RESULTS
bEnd.3 cells were radiosensitive

To better understand how irradiated bEnd.3 endothelial cells affected
unexposed NSCs, we first assessed the radiosensitivity of bEnd.3 cells.
As shown in Fig. 1a, after exposed to X-irradiation, the colony for-
mation of bEnd.3 cells significantly decreased in a dose-dependent
manner. Furthermore, the frequency of MN formation of bEnd.3 cells
increased along with the increase of dose. The percentage of positive
cells with MN increased by 37% even after exposed to 0.1 Gy (Fig. 1b).
Moreover, 24 h after exposed to X-rays, we detected obvious apoptosis
of bEnd.3, particularly with 2 and 4 Gy. And this trend of the increase in
apoptosis rate last for at least another 24 h (Fig. 1c). Additionally, 48 h
after 2 and 4 Gy of X-irradiation, bEnd.3 cells showed obvious G2/M
arrest, and this trend persisted until 72 h after irradiation (Fig. 1d). All
these data indicated that bEnd.3 cells were sensitive to IR. Thus, two
doses, i.e. 0.1 and 2 Gy were chosen for the following RIBE experi-
ments.

Irradiated bEnd.3 cells did not cause significant
apoptosis and oxidative stress in non-irradiated NSCs

Neurogenesis relies heavily on the status of NSCs. To explore whether
damaged endothelial cells by IR would inhibit neurogenesis through
RIBEs, we first investigated whether irradiated bEnd.3 cells induced
apoptosis in unirradiated NSCs. As shown in Fig. 2a and 2b, there was
a slight increase in the apoptosis rate of NSCs after 24 h of co-culture
with irradiated bEnd.3 cells when compared with sham control, i.e. the
NSCs co-cultured with sham-irradiated bEnd.3 cells, but the difference
was not statistically significant. And this trend disappeared after 48
and 72 h of co-culture. These data suggested that irradiated bEnd.3
cells did not induce significant apoptosis of unexposed NSCs through
a medium-mediated mechanism.

It is common that irradiated cells quickly induce oxidative stress in
unexposed bystander cells [19, 20]. Interestingly, compared with the
NSCs cultured alone, the intracellular ROS levels of NSCs decreased
after co-culture with sham-irradiated bEnd.3 cells for 1 h, and they did
not increase obviously when bEnd.3 cells were irradiated (Fig. 2c),
indicating that bystander oxidative stress did not occur in non-
irradiated NSCs when co-culture with irradiated bEnd.3 cells.

Irradiated bEnd.3 cells reduced the proliferation and
self-renewal ability of non-irradiated NSCs

We previously observed a reduction in the proliferation and self-
renewal ability of NSCs after co-culture with irradiated tumor

cells [11], indicating that irradiated tumor cells could inhibit the
proliferation and stemness of non-irradiated NSCs through medium-
mediated bystander signaling. Here we examined whether irradiated
bEnd.3 endothelial cells affected the cell proliferation and self-renewal
ability of non-irradiated NSCs. We found that, compared with the
NSCs cultured alone, the proliferation of NSCs co-cultured with
bEnd.3 cells decreased significantly. Specifically, after co-culture with
sham-irradiated, 0.1 and 2 Gy-irradiated bEnd.3 cells, the NSC number
decreased by 47%, 54% and 69%, respectively (Fig. 3a), although the
difference between sham-irradiated and irradiated groups was not
statistically significant. These results suggested that co-culture with
bEnd.3 cells inhibited the proliferation of NSCs and irradiated bEnd.3
cells may cause further inhibition.

Furthermore, we assessed neurosphere formation of NSCs co-
cultured with bEnd.3 cells by measuring neurosphere diameter.
Compared with the NSCs cultured alone, the mean diameter of the
neurospheres formed by NSCs co-cultured with sham-irradiated, 0.1
and 2 Gy-irradiated bEnd.3 cells decreased by 5%, 14% and 17%,
respectively (Fig. 3b). These results indicated that the neurosphere-
forming ability of NSCs was slightly inhibited by co-culture with
bEnd.3 cells and further inhibition was induced by irradiated bEnd.3
cells.

In addition, we evaluated the stemness of bystander NSCs by
detecting the expression of nestin, a widely used marker for NSCs
[21]. Compared with the NSCs cultured alone, the percentage of
nestin-positive NSCs decreased by 26%, 30% and 37% after co-culture
with sham-irradiated, 0.1 and 2 Gy-irradiated bEnd.3 cells, respectively
(Fig. 3c). These results suggested that the stemness maintenance
ability of NSCs reduced after co-culture with bEnd.3 cells, and this
reduction was more significant when bEnd.3 cells were irradiated.

Irradiated bEnd.3 cells inhibited the differentiation
ability of bystander NSCs

After 72 h of co-culture with bEnd.3, we found that the differentiation
ability of NSCs was inhibited. When culture in neuronal differentiation
medium, compared with the NSCs cultured alone, the percentage
of Tuj1-positive cells decreased by 42% after co-culture with sham-
irradiated bEnd.3 cells; after co-culture with bEnd.3 cells X-irradiated
with 0.1 and 2 Gy, this percentage decreased by 68% and 79%,
respectively (Fig. 4a and 4b). Moreover, the total number of neurites
and the mean length of the longest neurites of 50 Tuj1-positive
cells in each group were examined. The results show that the
neuronal cells differentiated from the NSCs cultured alone had
(116 ± 11) neurites with an average length of (40.38 ± 1.06) μm
for the longest neurites, while the neuronal cells differentiated from
the NSCs cultured with sham-irradiated bEnd.3 cells had (81 ± 1)
neurites with an average length of (30.50 ± 2.53) μm for the longest
neurites. For the group of NSCs co-cultured with 0.1 Gy-irradiated
bEnd.3 cells, the neuronal cells had (48 ± 6) neurites with an
average length of (24.90 ± 1.41) μm for the longest neurites. For
the group of NSCs co-cultured with 2 Gy-irradiated bEnd.3 cells,
the neuronal cells had (42 ± 1) neurites with an average length
of (18.34 ± 0.82) μm for the longest neurites (Fig. 4c and 4d).
These data suggested that co-culture with bEnd.3 cells reduced the



Irradiated endothelial cells induce RIBEs in NSCs • 197

Fig. 3. The proliferation and self-renewal ability of bystander NSCs were inhibited. (a) The NSC number after co-culture with
bEnd.3 cells for 72 h. (b) Photos of neurospheres formed by bystander NSCs and quantification analysis of the diameters of
neurospheres. (c) Fluorescence images of nestin expression of bystander NSCs and the percentage of nestin-positive NSCs. Blue
and red fluorescence indicate DAPI and nestin staining, respectively. p < 0.05 and 0.01 between two groups were denoted by ∗ and
∗∗, respectively.

neuronal differentiation ability of NSCs, and irradiation caused further
inhibition.

When culture in glial differentiation medium, compared with the
NSCs cultured alone, the percentage of GFAP-positive cells decreased
by 16%, 25% and 43% after co-culture with sham-irradiated, 0.1 and

2 Gy-irradiated bEnd.3 cells, respectively (Fig. 5a and 5b). Moreover,
the total number of protrusions and the mean length of the longest
protrusion of 50 GFAP-positive cells in each group were examined.
The results show that the glial cells differentiated from the NSCs
cultured alone had (94 ± 7) protrusions with an average length of
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Fig. 4. The differentiation ability of NSCs was inhibited after co-culture with bEnd.3 cells. (a) Fluorescence images of neuronal
cells differentiated from different groups of NSCs. Blue and green fluorescence indicate DAPI and Tuj1 staining, respectively. (b)
Quantitative analysis of Tuj1-positive cell rate of each group. (c) Total number of the neurites of 50 Tuj1-positive cells in each
group. (d) Mean length of the longest neurites of 50 Tuj1-positive cells in each group. p < 0.05, 0.01 and 0.001 between two
groups are denoted by ∗, ∗∗ and ∗∗∗, respectively.

(40.14 ± 4.06) μm for the longest protrusions, while the glial cells
differentiated from the NSCs co-cultured with sham-irradiated bEnd.3
cells had (68 ± 4) protrusion with an average length of (30.75 ± 3.03)
μm for the longest protrusions. For the group of NSCs co-cultured
with 0.1 Gy irradiated-bEnd.3 cells, the glial cells had (48 ± 6)
protrusion with an average length of (27.33 ± 2.41) μm for the
longest protrusions. For the group of NSCs co-cultured with 2 Gy
irradiated- bEnd.3 cells, the glial cells had (48 ± 7) protrusions with
an average length of (22.64 ± 1.01) μm for the longest protrusions
(Fig. 5c and 5d). These data suggested that co-culture with bEnd.3

cells also inhibited the glial differentiation ability of NSCs, and
irradiation caused further inhibition.

DISCUSSION
RIND recently has attracted a lot of attention, but the underlying
mechanisms are still poorly elucidated. Alterations in vascular and glial
cell clonogenic populations, neurogenesis inhibition, altered neuronal
function and neuroinflammation induced by IR have been believed
to play important roles in RIND [22]. And extensive evidence for
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Fig. 5. (a) Fluorescence images of glial cells differentiated from different groups of NSCs. Blue and green fluorescence indicate
DAPI and GFAP staining, respectively. (b) Quantitative analysis of GFAP-positive cell rate of each group. (c) Total number of the
protrusions of 50 GFAP-positive cells in each group. (d) Mean length of the longest protrusions of 50 GFAP-positive cells in each
group. p < 0.05 between two groups is denoted by ∗.

the involvement of these CNS changes in RIND has been provided
[15]. Among these changes, radiation-induced alterations in vascular
cell population may contribute to the occurrence of RIND via two
mechanisms. First, it has long been recognized that vascular disruption
can be induced quickly (within hours) by a single dose of radiation,
followed by vascular dysfunction several months later [23, 24]. Further
studies revealed that irradiation can cause significant endothelial cell
loss through apoptosis within a day, which persists for months [25–
27]. In this study, we observed significant apoptosis of bEnd.3 endothe-
lial cells 24 h after 4 Gy of X-irradiation (Fig. 1c) and chromosomal

damage even at 0.1 Gy, confirming the high radiosensitivity of vas-
cular endothelial cells. Along with glial cell loss, vascular endothelial
loss may contribute to white matter damage and subsequent cognitive
dysfunction [28]. Secondly, as a vital component of neurogenic niches,
microvessels provide a microenvironment suitable for the proliferation,
migration and differentiation of NSCs by supplying oxygen, nutrients
and soluble factors such as VEGF and fibroblast growth factor-2 [29].
Thus, after exposure, IR-induced decrease in vessel density, increase in
vessel permeability and long-lasting hypoxia in the hippocampus [30]
may cause neurogenesis inhibition, resulting in cognitive impairment.
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In the present study, we provided experimental evidence for the
third potential mechanism underlying how the damage in vascular
cells may contribute to RIND, i.e. irradiated endothelial cells may
induce RIBEs in non-irradiated NSCs, thus inhibiting neurogenesis,
in turn leading to RIND. NSCs are actually in physical association
with blood vessels in the brain [31]. Therefore, NSCs and endothelial
cells may interact with each other through endothelially-secreted fac-
tors, contact-dependent signaling, signaling by blood-borne and cere-
brospinal fluid (CSF)-borne substances as well as inverted signaling
from NSCs to blood vessels [31]. These interactions are similar to
RIBE. Thus, it was logic to propose that when radiation cause alter-
ations of these interactions, the proliferation, migration and differen-
tiation of NSCs may be altered. By using a co-culture method, we did
find that the medium-mediated interactions between bEnd.3 endothe-
lial cells and NSCs inhibited the cell proliferation, stemness main-
tenance, neurosphere-forming and differentiation capability of NSCs
when compared with the NSCs cultured alone. This is not exactly same
as what was previously reported that endothelial cells stimulate NSC
expansion and delay differentiation through soluble factors [32]. This
discrepancy could be caused by different endothelial cells we used.
But more importantly, we found that all the characteristics of NSCs,
neuronal differentiation in particular, were further inhibited although
no obvious oxidative stress and apoptosis were induced when co-
culture with irradiated bEnd.3 cells, indicating that radiation induced
bystander effects in non-irradiated NSCs.

RIBE has become a dogma in radiation biology. However, the
health consequences of RIBEs remain elucidated and require more
investigation. The results from Ivanov et al. that irradiated neuroblas-
toma cells caused apoptosis and suppressed neuronal differentiation of
non-irradiated NSCs suggested that irradiated cancer cells may inhibit
neurogenesis via RIBEs [9]. Taking a further step by using an in vivo
system, we clearly demonstrated that RIBEs may contribute to RIND
since injection of exosomes from irradiated cancer cells into the hip-
pocampus inhibited neurogenesis and caused cognitive impairment in
the recipient mice [11]. Thus, the results we present here suggest that
RIBEs of unexposed NSCs induced by irradiated endothelial cells may
also contribute to RIND through neurogenesis inhibition.

In summary, here we present the experimental evidence that irra-
diated endothelial cells induced RIBEs in non-irradiated NSCs man-
ifesting as reduced proliferation, compromised neurosphere-forming
capability and impaired differentiation potential, suggesting that dam-
aged vascular cells may contribute to RIND via inducing RIBEs in
NSCs resulting in neogenesis inhibition. Further in vivo and mech-
anistic studies are needed to confirm this and explore the detailed
mechanisms.
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