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ABSTRACT
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Radiosusceptibility is the sensitivity of a biological organism to ionising radiation (IR)-induced carcinogenesis,
an outcome of IR exposure relevant following low doses. The tissue response is strongly influenced by the DNA
damage response (DDR) activated in stem and progenitor cells. We previously reported that in vivo exposure to
2 Gy X-rays activates apoptosis, proliferation arrest and premature differentiation in neural progenitor cells
(transit amplifying cells and neuroblasts) but not in neural stem cells (NSCs) of the largest neurogenic region of
the adult brain, the subventricular zone (SVZ). These responses promote adult quiescent NSC (qNSC) activation
after 2 Gy. In contrast, neonatal (P5) SVZ neural progenitors continue proliferating and do not activate qNSCs.
Significantly, the human and mouse neonatal brain is radiosusceptible.
Here, we examine the response of stem and progenitor cells in the SVZ to low IR doses (50–500 mGy). We
observe a linear dose-response for apoptosis but, in contrast, proliferation arrest and neuroblast differentiation
require a threshold dose of 200 or 500 mGy, respectively. Importantly, qNSCs were not activated at doses below
500 mGy. Thus, full DDR activation in the neural stem cell compartment in vivo necessitates a threshold dose,
which can be considered of significance when evaluating IR-induced cancer risk and dose extrapolation.

1. Introduction
A DNA double strand break (DSB) is the biologically relevant DNA
damage induced by ionising radiation (IR). At high IR doses, radiosensitivity arises from the lethal impact of DSBs. Indeed, human patients, mice and cells deficient in DSB repair show marked radiosensitivity [1,2]. However, aside from radiotherapy for cancer
treatment, we are not usually exposed to high IR doses. In contrast, the
human population is receiving increasing exposure to low dose IR due
to medical X-ray imaging, computed tomography (CT)-scanning for
diagnostic purposes and long-haul flights [3–5]. One outcome of low
dose exposure is carcinogenesis rather than cell killing, which can potentially arise via DSB mis-repair, such as balanced chromosomal
translocation formation. Sensitivity to IR-induced carcinogenesis has
recently been defined as radiosusceptibility (compared to radiosensitivity, which represents sensitivity to the killing effects of IR) [6].
We will use this nomenclature here. Assessing risks to carcinogenesis
from low doses is extremely difficult given the lack of a well-defined
signature for IR-induced cancers, and that X-ray-treated individuals
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may have underlying cancer pre-disposing health effects. Currently, risk
estimations for radiation exposure have relied on a linear non-threshold
dose-response, albeit subject to considerable debate [7,8]. An important
consideration is whether the response to DNA damage (DDR), particularly those responses protective against carcinogenesis, arise linearly
with dose. For example, previous studies using cultured cells have
shown that G2/M checkpoint arrest requires a threshold dose for activation [9,10].
For considering radiosusceptibility, the DDR activated in stem and
progenitor cells is particularly important although our understanding of
the DDR in stem compared to differentiated cells is poor, while evidence suggests that there are distinctions [11–15]. We previously
analysed the DDR activated by 2 Gy IR in neural stem cells (NSCs) in the
subventricular zone (SVZ), the largest germinal zone in the adult
forebrain, which can promote neurogenesis during adulthood [16].
Type B adult NSCs express Glial Fibrillary Acidic Protein (GFAP). They
are predominantly quiescent with only 5–10% expressing Ki67, a proliferation marker. They produce further NSCs via symmetric division
and undergo asymmetric division generating type C transit amplifying
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2.3. Topographical analysis

progenitors (TAPs). TAPs undergo further symmetric division prior to
asymmetric division generating neuroblasts (NBs; also called type A
cells) which express the doublecortin (Dcx) marker. NBs subsequently
migrate through the rostral migratory stream to the olfactory bulb,
where they differentiate into mature interneurons. We previously
exploited insight into the SVZ substructure, delineating four subdomains designated as dorsal, medial, ventral and dorsolateral [17].
The subdomains differ in their age-dependent proliferative capacity.
Significantly, in adult mice (3-month-old), progenitor cells were almost
absent in the medial and dorsal subdomains, providing a useful resource to assess the IR response of quiescent NSCs (qNSCs) versus
progenitor cells. Importantly, we found that IR-induced apoptosis was
only activated in zones encompassing progenitor cells, demonstrating
that neither qNSCs nor activated NSCs (aNSCs) undergo IR-induced
apoptosis. We also identified two novel responses in neural progenitor
(NP) cells (TAPs and NBs), namely proliferation arrest and loss of the
neuroblast marker via premature differentiation [16]. Importantly, the
activation of these responses was ATM-dependent and caused qNSC
activation, which was similarly ATM-dependent. Importantly, after
2 Gy, proliferation arrest in NPs appeared to be permanent with progenitor replenishment arising by qNSC activation. We concluded that
after 2 Gy IR, NPs were removed by three responses (apoptosis, proliferation arrest and premature differentiation) with new progenitors
arising 1–2 weeks post-exposure via qNSC activation. Proliferation with
damaged DNA can compound or fix the damage. Hence removal of
progenitors could facilitate the elimination of radiosusceptible cells.
qNSCs commenced proliferation after some delay, when repair was
likely completed. Significantly, in the neonatal SVZ, which is sensitive
to carcinogenesis in mice and humans [18–21], we observed transient
and diminished proliferation arrest and no significant qNSC activation.
Importantly, a recent study has identified driver mutations for glioblastoma in the adult human NSCs, which then migrate from the SVZ to
develop into high-grade malignant gliomas, thereby identifying mutations arising in the NSCs in the SVZ as the origin of brain tumours [22].
Here, we examine these responses following low dose IR exposure.
Consistent with previous findings [23,24], we found that apoptosis
arises linearly with dose from 50 to 500 mGy in progenitor cells. In
contrast, activation of proliferation arrest and Dcx marker loss required
defined thresholds of 200 or 500 mGy, respectively. Moreover, even
after 200 or 500 mGy, the duration of arrest was transient. qNSC activation necessitated doses greater than 200 mGy. Collectively, these
findings demonstrate that two important DDRs, proliferation arrest and
stem cell differentiation, require a threshold activation dose and are
inefficiently activated at low doses. These responses provide a route to
remove damaged progenitors. Thus, not all DDRs in stem cells, an important cell type for considering carcinogenesis, can be extrapolated
from high to low radiation doses.

The SVZ subdomain division was undertaken as described previously [16,17]. Briefly, the SVZ was divided along the ventral-dorsal
axis into ventral, medial, dorsal and dorsolateral subdomains. Analysis
focused on the ventral and dorsolateral subdomains, which are proliferating in adult (3-month-old) mice [16].
2.4. Immunostaining
Brains were fixed in 4% paraformaldehyde (Santa Cruz
Biotecnology, cat#SC-281692) for 48 h at +4C and subsequently
cryoprotected in 25% sucrose, frozen after OCT embedding (Thermo
Fisher Scientific, cat#12678646) and stored at -80C. Brains were sectioned using a Leica Cryostat at a thickness of 7 μm and mounted on
SuperFrost Plus slides (Thermo Fisher Scientific, cat#10149870) or
TOMO adhesive slides (Matsunami, cat#TOM-11). Slides were reequilibrated at room temperature (RT) for 30 min, then washed in PBS
for 10 min and placed in a coplin jar containing the antigen retrieval
solution (Histo-VT-One, Fine Chemicals Products Ltd, cat#06380-05),
heated using a microwave, and incubated in the heated solution for 1 h.
Tissue sections were washed three times in PBS and blocked in 5%
serum (donkey or goat), 1% bovine serum albumin (BSA) and 0.4%
Triton X-100 in PBS for 1 h at RT. After blocking, tissue sections were
incubated with the primary antibody diluted in blocking solution
overnight in humified chamber at either RT or +4C. The following
primary antibodies were used: Dcx (goat, 1:400, Santa Cruz
Biotechnology, cat#sc-8066), GFAP (rabbit, 1:500, Dako, cat#Z0334)
and Ki67 (rat, 1:500, Thermo Fisher Scientific, eBioscience, cat#145698-80). Tissue sections were subsequently washed 3 times in PBS and
incubated with the relative Alexa Fluor-conjugated secondary antibodies (Thermo Fisher Scientific) diluted in blocking buffer at 1:500 for
1 h at RT. Tissue sections were counterstained with DAPI and mounted
with 80% glycerol or Dako mounting medium (Agilent Dako,
cat#S3025).
2.5. Assessment of apoptosis using TUNEL
TUNEL staining was performed according to the manufacturer’s
instructions (Roche, cat#11684795910-2156792910).
3. Results
3.1. Apoptosis arises linearly with dose from 50 to 500 mGy in the adult
SVZ
For most analysis, we sub-divided the SVZ into the ventral, dorsolateral, medial and dorsal subdomains, as described previously
(Fig. 1A). Significantly, proliferating cells and IR-induced apoptotic
cells were predominantly observed only in the ventral and dorsolateral
subdomains. However, for our assessment of apoptosis, we assessed the
total number of cells per lateral ventricle (LV) without distinguishing
the response of individual subdomains. To assess apoptosis in the adult
SVZ, we exposed adult mice to 50–500 mGy X-rays, and monitored
TUNEL+ cells per LV at 6 h after irradiation. 6 h was chosen as the time
showing maximal TUNEL+ cells [23,24]. The number of TUNEL+ cells
increased linearly with dose, fitting a linear-no-threshold model
(Fig. 1B-D). These results are consistent with our study of the embryonic neocortex, where we similarly observed a linear dose-response
[24,25].

2. Materials and methods
2.1. Mice
Three-month old wild type (129/SV x C57BL/6) mice were designated as adult mice. Animal experiments were performed in accordance
with accepted standards of animal welfare approved by the United
Kingdom Home Office and complied with the Animals (Scientific
Procedures) Act 1986.
2.2. Irradiation

3.2. A dose of 200 mGy is required for efficient proliferation arrest

Animals received whole body irradiation using an HS X-ray system
(A.G.O. installation, UK) at a dose rate of 0.5 Gy/min and a 250 kV
potential with doses from 0.05 to 2 Gy.

We previously reported that after 2 Gy, NPs (TAPs and NBs) in the
adult SVZ cease proliferation and lose their Ki67 proliferation marker
by 6 h post irradiation. This proliferation arrest was prolonged, lasting
71
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Fig. 1. Apoptosis is linearly induced at low
radiation doses. (A) Schematic coronal representation of the SVZ showing the ventral
(grey) and dorsolateral (yellow) subdomains.
This colour code will be used in this and all
subsequent figures. (B) Representative images
of the ventral and dorsolateral subdomains of
untreated control mice or at 6 h after exposure
to radiation doses from 50 to 500 mGy stained
with TUNEL (green) and DAPI (blue). (C)
Quantification of the number of TUNEL+ cells
per lateral ventricle (LV) in control and irradiated mice at 6 h post 50 to 500 mGy. (D)
Linear fitting of the data presented in panel C.
Experiments were carried out on 3 month-old
mice and represent the mean ± SEM of n ≥ 3
mice for each condition. Scale bars, 25 μm.
Student’s t-test, **P ≤ 0.01.

Fig. 2. Proliferation arrest has a
threshold
dose
of
200 mGy.
Representative images (A) and quantification (B, C) of the ventral and dorsolateral subdomains of untreated control mice or at 6 h after exposure to
radiation doses from 50 to 500 mGy
stained with Ki67 (red) and DAPI
(blue). The percentages are normalized
to the number of DAPI positive cells.
(D) Dose-response relationship of the
data presented in panels B and C between the radiation dose (presented in
mGy) and the percentage of proliferating Ki67+ cells in the ventral and
dorsolateral subdomains at 6 h after
irradiation. Note that a break was applied to the x-axis to display the response to 2000 mGy. Experiments represent the mean ± SEM of n ≥ 3
mice for each condition. Scale bars,
25 μm. Student’s t-test, *P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001, n.s. not significant. Data at 2 Gy were as previously published [16].

over 48 h [16]. Here, we analysed the response to low IR doses focusing
on the ventral and dorsolateral SVZ subdomains, which show the
highest density of aNSCs and NPs. We found that doses of 100 mGy or
less failed to initiate proliferation arrest (assessed using the Ki67
marker) in either subdomain (Fig. 2A-C). In contrast, proliferation arrest occurred efficiently following exposure to 200 or 500 mGy. The
data presented as a dose-response highlight the presence of a defined
dose threshold of 200 mGy above which proliferation arrest occurs efficiently with no significant arrest being observed at lower doses
(Fig. 2D).

recovery was detectable by 24 or 48 h (Fig. 3A-C). The level of proliferating Ki67+ cells increased more rapidly in the dorsolateral than in
the ventral subdomain (Fig. 3B-C). As shown above, no proliferation
arrest was observed at 6 h (or at 24 h) after 50 or 100 mGy. Thus, the
duration of proliferation arrest is dose dependent, with higher doses
causing prolonged arrest.
3.4. Low dose IR does not promote premature differentiation
We previously found that proliferation arrest was coupled with
premature neuronal differentiation of NBs (expressing the immature
neuronal marker Dcx) after 48 h in the adult SVZ exposed to 2 Gy [16].
To assess the effect of low dose IR on differentiation, we measured the
Dcx+ NBs via immunofluorescence at 24 and 48 h following 200 and
500 mGy X-rays (Fig. 3D-E). The data presented as a dose-response at
48 h (Fig. 3F) show that after 200 mGy the percentage of Dcx+ cells did
not significantly change compared to control levels in the ventral or
dorsolateral subdomains, whereas at 24 and 48 h after 500 mGy X-rays,

3.3. The duration of proliferation arrest is dose dependent
Next, we examined the duration of proliferation arrest. Our previous
work showed that exposure to 2 Gy confers prolonged proliferation
arrest [16], which is maintained for 48 h. In contrast, following exposure to 200 and 500 mGy, cells within the ventral or dorsolateral
subdomains were maximally arrested at 6 h post irradiation but
72
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Fig. 3. Loss of Dcx marker expression
occurs at doses greater than 500 mGy.
(A) Representative images of the ventral
and dorsolateral subdomains of untreated control mice or at 24 and 48 h
after exposure to radiation doses of 200
or 500 mGy stained with Dcx (green),
Ki67 (red) and DAPI (blue). Kinetics of
Ki67 expression in the ventral (B) and
dorsolateral (C) subdomains of the SVZ
at different time points after irradiation
in mice exposed to doses from 50 mGy to
2 Gy. Quantification of Dcx+ cells in the
ventral (D) and dorsolateral (E) SVZ
subdomains at 24 and 48 h after irradiation with 200 mGy, 500 mGy and
2 Gy. (F) Dose-response relationship of
the data presented in panels D and E
between the radiation dose (presented in
mGy) and the percentage of Dcx+ cells
in the ventral and dorsolateral subdomains at 48 h after irradiation.
Experiments represent the mean ±
SEM of n ≥ 3 mice for each condition.
Scale bars, 25 μm. Student’s t-test,
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
n.s. not significant. Data at 2 Gy were as
previously published [16].

the percentage of Dcx+ cells significantly decreased in both subdomains. Although there appears to be a small loss of Dcx+ cells at 48 h
after 200 mGy in the dorsolateral subdomain, this difference was not
significant and was not evident at 24 h (Fig. 3D-E). Interestingly, the
loss of Dcx+ cells was more pronounced in the ventral subdomain,
where loss of proliferation was maintained for a longer period compared with the dorsolateral subdomain. These findings show that low IR
doses, which induce only transient proliferation arrest, do not promote
premature differentiation.

4. Discussion
A dose of 100–200 mGy is required to activate and maintain IRinduced G2/M checkpoint arrest in human fibroblasts [10,27]. Such
work has established the concept that a threshold dose is required to
activate specific DDRs, which impact upon the maintenance of genomic
stability. Here, we examine the DDR in neuronal stem and progenitor
cells after low IR doses to determine whether they arise linearly with
dose or have a defined activation threshold. Consistent with findings in
the embryonic SVZ, apoptosis in the adult SVZ has a linear dose-response from 50 to 500 mGy. Assuming that 1 Gy induces ˜ 25–40 DSBs,
this suggests that 1–2 DSBs/cell is sufficient to activate apoptosis albeit
at a low frequency. In stark contrast, proliferation arrest has a defined
threshold, being observed at a similar magnitude after 200 mGy or 2 Gy
but not after 100 mGy. Moreover, the duration of arrest is more transient after 200 and 500 mGy compared to that observed after 2 Gy. This
distinction is striking, particularly in the dorsolateral subdomain. We
previously provided strong evidence that NBs prematurely differentiate
after 2 Gy since only 50% of Dcx+ cells undergo apoptosis whilst Dcx+
cell numbers diminish more than tenfold [16]. Premature differentiation was confirmed by an increase in Tuj1+ and Map2+ cells, the major
differentiated derivative of Dcx+ cells. The apoptotic level is low after
500 mGy and cannot provide the sole explanation for the diminished
Dcx+ cell numbers. Premature differentiation, potentially coupled with
proliferation arrest, provides a likely explanation. Strikingly, after
200 mGy, proliferation arrest is similar to that observed after 500 mGy
yet Dcx+ cells do not significantly decrease, strongly suggesting that
premature differentiation does not arise. It is possible that prolonged

3.5. Proliferation arrest and differentiation are required to promote
quiescent NSC activation
The adult SVZ region largely consists of qNSCs, which can become
activated to maintain tissue homeostasis or promote repair during injury. aNSCs can be identified as Ki67+GFAP+ cells and in untreated 3month-old mice approximately 10% of the GFAP+ cells are Ki67+ [16].
Previous studies demonstrated that qNSCs start cycling 4 days after
exposure to doses greater than 2 Gy [26]. Here, we similarly observed
that at 4 and 7 days after 500 mGy, qNSCs become activated as shown
by the increased percentage of GFAP+Ki67+ among the GFAP+ cells
(Fig. 4). Consistent with the proliferation arrest data (Fig. 3B-C), the
transition from quiescence to activation was more prominent in the
dorsolateral subdomain (Fig. 4C). In contrast, there was no significant
activation of qNSCs after doses less than 500 mGy at either 4 or 7 days
post irradiation (Fig. 4B-D).
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Fig. 4. A dose of 500 mGy is required
for the transition of NSCs from
quiescence
to
activation.
(A)
Representative images of the ventral
and dorsolateral subdomains of untreated control mice and at 7 days after
exposure to radiation doses of 100, 200
and 500 mGy stained with GFAP
(green), Ki67 (red) and DAPI (blue).
Quantification of aNSCs as measured by
the percentage of GFAP+Ki67+ cells
among the GFAP+ cells in the ventral
(B) and dorsolateral (C) subdomains of
control and irradiated mice with 100,
200, 500 mGy and 2 Gy at 4 and 7 days
post irradiation. (D) Dose-response relationship of the data presented in panels B and C between the radiation dose
(presented in mGy) and the percentage
of aNSCs in the ventral and dorsolateral
subdomains at 7 days after radiation
exposure. Experiments represent the
mean ± SEM of n ≥ 3 mice for each
condition. Scale bars, 25 μm. Student’s
t-test,
*P ≤ 0.05,
**P ≤ 0.01,
***P ≤ 0.001, n.s. not significant. Data
at 7 days after 2 Gy were as previously
published [16].

proliferation arrest activates premature differentiation, providing a
relationship between these end-points, although, as discussed above,
there is some uncoupling between the two responses. It is also possible
that cell death of the differentiated neurons causes compensatory differentiation to maintain homeostasis, a feature reported in the Patched
heterozygous mouse cerebellum [28]. This, however, seems unlikely
since we have not observed any apoptosis in differentiated neurons and
other mechanisms of cell death take longer than 48 h, the time when
Dcx+ cell loss can be observed. Finally, an increase in aNSCs is observed after 500 but not 200 mGy. Within a stem cell compartment, loss
of progenitors can trigger quiescent stem cell activation promoting
progenitor replenishment from cells which were non-proliferating when
damaged. Since non-cycling G0 phase cells show enhanced survival and
fewer translocations than cycling cells after IR [29], this may diminish
the possibility of IR-induced mutational events.

charge: Medical Research Council (G1000050, G0500897, both to PAJ).
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