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Age-related effects of X-ray irradiation on mouse hippocampus
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ABSTRACT

Therapeutic irradiation of pediatric and adult patients can profoundly affect
adult neurogenesis, and cognitive impairment manifests as a deficit in hippocampal-
dependent functions. Age plays a major role in susceptibility to radiation, and
younger children are at higher risk of cognitive decay when compared to adults.
Cranial irradiation affects hippocampal neurogenesis by induction of DNA damage in
neural progenitors, through the disruption of the neurogenic microenvironment, and
defective integration of newborn neurons into the neuronal network. Our goal here
was to assess cellular and molecular alterations induced by cranial X-ray exposure
to low/moderate doses (0.1 and 2 Gy) in the hippocampus of mice irradiated at the
postnatal ages of day 10 or week 10, as well as the dependency of these phenomena
on age at irradiation. To this aim, changes in the cellular composition of the dentate
gyrus, mitochondrial functionality, proteomic profile in the hippocampus, as well
as cognitive performance were evaluated by a multidisciplinary approach. Our
results suggest the induction of specific alterations in hippocampal neurogenesis,
microvascular density and mitochondrial functions, depending on age at irradiation.
A better understanding of how irradiation impairs hippocampal neurogenesis at low
and moderate doses is crucial to minimize adverse effects of therapeutic irradiation,
contributing also to radiation safety regulations.

INTRODUCTION

The brain is exposed to ionizing radiation in a
number of clinical situations, most notably during radiation
therapy used for treatment of malignant central nervous
system tumors. Especially in children, cranial radiation
therapy has been associated with the highest risk of long-

term cognitive morbidity [1-7]. With the improvement of
technology and limited fraction size, overt tissue damage
can be avoided. However, deficits in the neurocognitive
functions, including verbal and short-term memory
recall, learning, memory, spatial processing, and severe
dementia persist [8—10]. Although some deficits can be
observed within the first few months following radiation
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therapy, most occur several months to years later [11]. The
mechanisms underlying radiation-induced deficits are still
not fully characterized but involve damage in vascular and
glial compartments, altered neuronal function, and neuro-
inflammatory processes [12]. Moreover, the dentate gyrus
(DG) of the hippocampus, one of the main brain regions
where neurogenesis takes place throughout life [13], has
been shown to be particularly susceptible to radiation
[14]. Hippocampal neural stem-cell injury during whole-
brain radiotherapy is central to memory decline, and
conformal avoidance of the hippocampus is associated
with preservation of memory [15].

Age at exposure plays a pivotal role in susceptibility
to radiation. The severity of cognitive impairment after
cranial irradiation is more pronounced in children younger
than 3 years at the time of treatment [16]. Studies on
rodents showed a correlation between age-dependent
sensitivity of the developing brain to irradiation and
number and vulnerability of progenitor cells [17-19]. Age-
related differences in the proliferative properties of neural
precursor cells, prevalent in the young brain, and in neuro-
inflammatory processes, prevalent in the adult brain, have
been involved in the differential radiation response of
young and adult brain [20-23].

The metabolic status regulates adult hippocampal
neurogenesis [24]. Hence, mitochondria-dependent
metabolism itself may provide substantial input into
the regulatory networks controlling different stages
of neurogenesis in the dentate gyrus (DG). The
identification of mitochondrial function as an important
player in neurogenesis, together with observations that
mitochondria are targets for ionizing radiation effects,
potentially implied mitochondrial dysfunction in radiation-
induced deficit of hippocampal neurogenesis-dependent
cognition [25-30].

While knowledge of the effects of low radiation
doses is sparse and existing data are mostly based
on moderate to high doses (> 2 Gy), epidemiological
observations raise concern on possible cognitive effects
of low doses during the extensive remodeling ongoing
in the immature brain [31]. This study was designed to
investigate the influence of dose and age at exposure
on radiation-induced response in the hippocampus. To
this aim, C57BL/6 mice were cranially irradiated at 10
days (10D), i.e., the peak of the brain growth spurt and
an extensive remodeling stage of the immature brain -
recognized as a critical sensitive period for toxic insults,
lasting for the first four weeks of mouse life [32, 33] - or at
10 weeks (10W) of age, after conclusion of this susceptible
stage. A single low dose of 0.1 Gy, equivalent to the
dose delivered to the brain of an infant during computed
tomography of the skull [34], or a moderate dose of 2 Gy,
a typical dose fraction used classically in clinical practice,
were employed. To clarify the global stress response after
irradiation, hippocampal neurogenesis, mitochondrial
functions, as well as changes in protein expression have

been evaluated at both doses and compared in mice
irradiated at different ages. Although most alterations
and defects were detected at the higher dose, some
of the changes were also evident at low dose. Age at
exposure influenced radiation effects, which were mostly
exacerbated when irradiation occurred at younger age.

RESULTS

Age-dependence of hippocampal neurogenesis

Cellular composition and kinetics of the subgranular
and granular zone of the DG can be evaluated through
morphological criteria and immunohistochemical analysis
of stage-specific neurogenesis markers (Figure 1A).
Postnatal hippocampal neurogenesis is a multistep process
that recapitulates all stages of neuronal development in a
mature central nervous system (CNS). From the largely
quiescent neural stem cells (NSCs), also called radial
glial-like cells (RGLs), to fully integrated and functional
neurons, NSCs and their newborn progeny pass through
several developmental stages (Figure 1A). First the
quiescent population of NSCs (GFAPY) is activated to
generate proliferating transit-amplifying cells that enlarge
the pool of neurogenic cells called type-2 cells (Sox2").
Within the DG, immature neurons migrate up into the
granule cell layer, and mature into newborn granule
neurons (Dcx") and finally into mature neurons (NeuN")
integrating in an existing neuronal circuit. As a first step
we characterized hippocampal neurogenesis as a function
of age in the DG of unexposed mice. We observed a rapid
decline in the expression of several neurogenic markers
with progressing age, indicating a drastic decrease in the
levels of basal neurogenesis at 10W compared to 10D
(-90% PCNA", -82% Sox2*,-71% Dcx"; Figure 1B—1D).

Age- and dose-dependent effects of irradiation
on hippocampal neurogenesis

Next, we monitored the kinetics of radiation-induced
changes in the cellular composition of the DG of
10D- and 10W-irradiated mice by performing the analyses
at several time ranging from early (1 and 7 days) to late (1
and 6 months) post-irradiation times (Figure 1E).

The earliest alterations in 10D mice irradiated
with 2 Gy consisted in an increased expression of
GFAP labeling RGL precursors (Figure 2A, 2B, P
= 0.02) and decreased number of PCNA" cycling
progenitors (Figure 2C, 2D, P = 0.017), detected at 1
day post-irradiation. One week later, a compensatory
increase in the number of PCNA™ cells was observed
(Figure 2D, P =0.011), accompanied by an increase in
the number of Sox2* cells (Figure 2E, 2F, P = 0.0007).
At 1 month, the only significant perturbation was a
depletion in the density of mature granule neurons
labelled by NeuN (Figure 21, 2J, P =0.03). At 6 months
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post-irradiation, the depletion of NeuN" neurons was
still persisting (Figure 2J, P = 0.02), along with a
decrease in the number of PCNA" cells (Figure 2D, P
=0.009). Irradiation of 10D mice at low dose (0.1 Gy)
caused a more limited number of changes involving an
increased number of Sox2" cells (Figure 2F, P =0.01)
1 week after irradiation, and a decrease in the number
of PCNA" cycling progenitors at 6 months (Figure 2D,
P=0.04).

In mice of 10W irradiated with 2 Gy, no
significant alterations were observed 1 day after
irradiation (Figure 2K-2R). Instead, after 7 days
significant impairment of the DG subpopulations
labelled by PCNA (Figure 2N, P = 0.0005), Sox2
(Figure 2P, P = 0.01) and Dcx (Figure 2R, P = 0.02)

were observed. One month post-irradiation, the
compartment of PCNA™ cycling progenitors was still
impaired (Figure 2N, P = 0.013) and a significant
decrease of RGL labeled by GFAP (Figure 2L, P =
0.006) was also observed. The population labeled by
PCNA never recovered and number of PCNA" cells
remained still depleted at 6 months (Figure 2N, P =
0.001), suggesting a permanent effect of radiation
injury. At 6 months after irradiation, we also observed
a depletion of newborn neurons labeled by Dex (Figure
2R, P = 0.034). Irradiation of 10W-old mice at low
dose (0.1 Gy), only caused decrease in the number of
Sox2 labelled cells 1 week after irradiation (Figure 2P,
P = 0.04) and an increased density of NeuN" mature
neurons at 6 months (Figure 2T, P = 0.0001).
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Figure 1: Cell type in neuronal development of the DG and schematic experimental procedure. A. Immunohistological
markers for staging hippocampal neurogenesis. B. Age-dependent expression of PCNA, C. Sox2 and D. Dcx in the DG. Red arrows mark
irradiation time (10D at 10W) and red solid symbols indicate the correspondent expression level for each marker; the value of the empty
red symbol for Dcx has been extrapolated. DG image 4x magnification, scale bar =200 um; images of other markers: 100x magnifications,
scale bar = 10 um. E. 10D or 10W old mice were cranially irradiated with 0.1 or 2 Gy of X-rays and analysed at different time points. Bars
indicate the times of tissue collection from sham or irradiated mouse groups. (1 and 7 days, 1 and 6 months postirradiation). The number of
animals used for molecular analysis is n = 4-5, for behavioral tests is n = 20.
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Apoptosis and inflammatory responses in the adult
hippocampus after irradiation at 10D or 10W

We assessed the presence of apoptotic cells by
immunohistochemistry (IHC) against cleaved caspase-3
in the hippocampus of 10D- hilus (H) and DG, (Figure
3A, 3B) and 10W-irradiated mice (DG, Figure 3C, 3D) 1
day after irradiation. Caspase activity was only detected
in mice irradiated with 2 Gy at 10D (Figure 3B; 0 Gy vs
2 Gy P =0.008), but not in 10W irradiated mice (Figure
3D). Although, after irradiation at 10D, apoptotic cells
were also found in other neonatal brain structures, such as
the external granule layer of cerebellum (data not shown),
the brain weight was not decreased following irradiation,
overall suggesting mild brain effects of irradiation at 2 Gy
(Supplementary Figure S1).

To investigate the inflammatory response,
sections of 10D- and 10W-irradiated mouse brains were
immunostained for Ibal, a microglial marker (Figure 3E,
3G). Quantification of the number of Ibal” cells in the
whole hippocampus, including DG, molecular layer (ML)
and H showed a significant increase in Ibal expression
in 2 Gy-10D-irradiation (Figure 3F, P = 0.04) but not in
10W-irradiated mice at 1 day postirradiation (Figure 3H).
No increase of Ibal expression was detected both in 10D-
and 10W-irradiated mice 1 and 6 months postirradiation
(data not shown). The temporal overlap between increased
Ibal and caspase-3 expression in 10D-irradiated brains
(Figure 3B and 3F) is suggestive of a phagocytic function
of microglia to remove dead/damaged cells.

Finally, to further investigate long lasting
inflammatory consequences of irradiation, we quantified
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Figure 2: Kinetics of radiation-induced alterations in the cellular composition of the DG after irradiation at 10D and
10W. A-B. and K—L. Immunostaining and quantification for GFAP, C—D. and H-N. PCNA, E-F. and O—P. Sox2 and G—H. and Q-R.
Dcx at 1 and 7 days, and at 1 and 6 months after irradiation at 10D and 10W. I-J. and S—T. Immunostaining and quantification for NeuN
at 1 and 6 months after irradiation at 10D and 10W. Images, 10x magnification, scale bar = 100 pum; high magnification 100x scale bar = 10
um. Data are reported as mean £ SEM *P < 0.05; **P < 0.01; ***P < 0.0001 for comparison with controls (Student-t test unpaired). The

number of animals used is n = 4-5.
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the number of astroglial cells (labeled by GFAP, Figure
31, 3K) in the H and ML of 10D- and 10W-irradiated mice
at 6 months post-irradiation (Figure 3J, 3L). Compared
to control mice, we found a significant increase in the
number of GFAP" astrocytes at 2 Gy in 10D-irradiated
mice (Figure 3J, P =0.017). Instead, no differences were
detected in 10D-irradiated mice at a lower dose (0.1 Gy)
and in 10W irradiated mice at both doses (Figure 3J, 3L).

Proteomic analysis in the hippocampus of
10D- and 10W-irradiated mice

We quantified the global protein changes in the
hippocampus at 6 months after irradiation of 10D- or
10W-old mice with 2 Gy of X-rays using tandem mass
spectrometry. The number of significantly deregulated
proteins in the hippocampus was 74 and 38 in 10D
and 10W irradiated mice, respectively (Figure 4A).

Supplementary Tables S1 (10D) and Supplementary Table
S2 (10W) show the complete list of identified deregulated
proteins. Only a subset of 11 proteins was shared between
10D- and 10W-irradiated mice (Cct4, Caskinl, Hspdl,
Tmod2, Prrt2, Ubal, Nptn, SOD1, Pdxp, Rab7 and Racl),
3 of which showed deregulation of the same direction
(Hspd1, upregulated; Pdxp and Racl, downregulated;
Supplementary Table S1 and Supplementary Table S2),
suggesting distinct patterns in proteome changes in 10D-
and 10W-irradiated mice. To verify the protein expression
alterations obtained by the quantitative proteomics, 4
proteins that showed either similar or different pattern of
alteration in 10D- or 10W-irradiated mice were chosen for
validation by immunoblotting using specific antibodies
and tubulin as a loading control. The analysis confirmed
a significant increase of postsynaptic protein PSD-95
(Dlg4) and heat shock protein (Hspdl) in 10D-irradiated
mice, compared to unexposed controls (Figure 4B, 4C). In
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Figure 3: Apoptotic and inflammatory responses in the hippocampus after irradiation at 10D or 10W. A. and C. Expression
and B. and D. quantification of cleaved caspase 3 immunostaining in specific regions (dashed lines) showing a significant increase in
apoptosis after 10D- (B), but not 10W-irradiation with 2 Gy (D). Images, 10x magnification, scale bar = 100 um; high magnification 100x,
scale bar = 10 um. E. and G. Representative immunostaining for Ibal in 10D- and 10W-irradiated mice. Quantification of the expression
level of Tbal at 1 day F—H. after irradiation with 2 Gy of X-rays at 10D or 10W, showing a significant increase in Ibal expression only
in 10D-irradiated mice at 24 h after exposure. I. and K. Representative images of GFAP immunostaining at 6 months postirradiation. J.
Significant increase in the number of GFAP" astrocytes in non neurogenic areas (H and ML) of the hippocampus in 10D-irradiated mice.
L. No changes were detected in 10W-irradiated mice. Image magnification 100x, scale bar =10 um . Data are reported as mean + SEM
*P <0.05; **P < 0.01; comparison with controls. The number of animals used is n = 4-5.
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dismutase (SOD) activity as biomarkers. Consistent
with the marked downregulation of complex I, the major
source of O, in the brain [35, 36] and complex III, we
detected significant decreases of carbonylated protein,
SOD activity and ROS levels in mice irradiated at 10D
with 2 Gy (Figure 5B), suggestive of an adaptive program
to avoid increase of radiation-induced oxidative stress.
A significant decrease in carbonylated proteins was also
detected at 0.1 Gy. Instead, in 10W-irradiated mice, in
which only complex Il was downregulated, the levels of
carbonylated proteins and SOD were unchanged, while
ROS levels were significantly increased (Figure 5D),
suggesting that in mature hippocampus mitochondria
are unable to modulate the cellular redox balance.
Altogether, these data show that age at irradiation is
an important determinant for the induction of adaptive
processes in mitochondria. Low-dose irradiation caused
an initial increase in the activities of the ETC enzymes
in 10W- but not 10D-irradiated mice. Instead, irradiation
at 10D but not at 10W, led to long-term reduction in the
activities of the ETC enzymes.

Persistent effects of irradiation at 10D or 10W on
the hippocampal microvasculature

To assess radiation-induced vascular changes, we
evaluated the microvasculature of 10D- or 10W-exposed
mice 6 months post-irradiation with different techniques
(Figure 6). To quantify the microvessel level in the
whole hippocampus by flow cytometry, endothelial
cells were identified based on combined expression of a
panendothelial marker (CD31) and a tight-junction marker
(ZO1) (Figure 6A). In 10D-irradiated mice, a dose of 2
Gy induced a significant increase at endothelial cell level
(CD314+/Z01+; P = 0.002), indicating a chronic increase
in microvasculature (Figure 6B). Instead, in 10W-exposed
mice no chronic alterations were found (Figure 6C).
Low-dose irradiation did not cause significant changes in
hippocampus microvessel level at any of the investigated
time points. Additionally, microvessels were histologically
visualized with a CD31 staining (Figure 6D) and
microvessels total area was quantified in the ML. Although
not significant, a trend toward increased microvessels area

Figure 6: Endothelial changes in the hippocampus 6 months after irradiation at 10D and 10W. A. Representative dot-plot of
hippocampus single cell suspension CD317/Z0O" cells are gated. B. Significant increase in the number of endothelial cells in 10D-irradiated
mice. C. No significant changes in the number of endothelial cells in 10W-irradiated mice. D. Representative IHC image stained with
antibody against CD31 for visualization of blood vessels. Image, 10x magnification, scale bar = 100 um; high magnification 40x, scale bar
10 pm. E. and F. Quantification of microvessel total area in the ML (dashed line), showing no significant changes in 10D-irradiated mice
(P =0.08), as opposed to a significant decreases in 10W-irradiated mice (both at 0.1 and 2 Gy). Data are presented as mean + SEM. *P <
0.05 or **P < 0.01 for comparison with controls. The number of animals used is n = 4-5.
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was detected in 10D-irradiated mice (Figure 6E). Instead,
compared to control mice, a significant reduction was
found in 10W-irradiated mice both at low (P =0.01) and
high dose (P = 0.026; Figure 6F). Although cytometry and
IHC data might appear discordant, different regions (whole
hippocampus vs ML) have been evaluated. Altogether,
these data point to opposite effects of irradiation at
10D and 10W on hippocampal microvasculature, with
a tendency to increased density at 10D and decreased
density at 10W.

Cranial irradiation with low or moderate X-ray
does not induce cognitive impairments

To assess possible alterations in spatial learning
and memory, we performed behavioral testing with the
Morris water maze in both animal groups 6 months post
irradiation (Figure 7). No significant difference was found
in the success scores for both acquisition and retention of
memory in the irradiated mice compared with controls

(Figure 7B, 7C, 7E, 7F). To ensure that there was no
difference between control and irradiated animals in regard
to swimming or visual ability, the swim speed and the
latency to reach the visible platform were also analyzed.
No abnormalities were found (Figure 7A, 7D). Even
though the learning process was slower for 10D-irradiated
mice, all irradiated animals reached a comparable
performance in the task until the end of the training
period, indicating a similar level of learning for all groups.
Similar experiments on NMRI mice whole-body irradiated
(0.5-1 Gy) at 10D showed, instead, cognitive impairment,
that was associated with chronic microglia activation [37].
Difference in the induction of cognitive effects between
irradiated C57BL/6 and NMRI could either relate to
differences of genetic background, irradiation modality
(cranial vs whole-body), or behavioral tasks used (Morris
water maze test vs. spontaneous exploratory behavior).
Finally, the possibility of a transient cognitive impairment,
fully recovered by 6 months post-irradiation, or of a later
onset of the cognitive defects should also be considered.
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Figure 7: Cognitive performance after cranial irradiation at 10D or 10W with low or high X-ray doses. A. and D.
Escape latencies in the water maze test for acquisition days in 10D- and 10W-irradiated and control animals. B. and E. Time spent in
target quadrant after the last training session (Acquisition Probe) and C. and F. 48 hours after the last training day (Retention Probe) of
10D- or 10W-irradiated and control mice at 6 months postirradiation. Data are presented as mean + SEM. The number of animals used

isn=20.
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DISCUSSION

Cranial doses of ionizing radiation delivered to
the brain of cancer patients can cause severe tissue
damage, cognitive impairment and memory loss [38, 39].
Consequently, a great number of studies have dealt with
the effects of radiation doses of therapeutic interest (> 45
Gy) in the CNS. The mechanisms of radiation responses
at low doses (e.g., from diagnostic radiology) in the CNS,
as in many other tissues, may completely differ from those
at high doses, however, only a few studies have been
conducted at doses < 2 Gy. For these reasons, accurate
risk evaluation of the late effects of cranial irradiation
represents a crucial challenge, especially in children, who
are at greater risk to develop learning disabilities as well
as growth and psychomotor retardation [40, 41].

Impaired neurogenesis and alteration of the
synaptic plasticity in the irradiated hippocampus

Cranial irradiation of pediatric and adult patients
elicits varying degrees of cognitive dysfunction through
mechanisms such as inhibition of hippocampal neurogenesis
[42], degradation of the neuronal structure and alteration of
synaptic integrity and neuronal plasticity [43—45].

We show here that age at irradiation modifies the
radiation response of the hippocampus. Irrespective of
which cell type undergoes cell death, we found marked
acute apoptosis in neonatal hippocampi 24h following
irradiation with 2 Gy but not in 10W-irradiated mice,
demonstrating a higher sensitivity of the neonatal
compared to adult brain, consistent with hypersensitivity
of proliferating cells to the killing effects of radiation.
The neonatal DG undergoes rapid postnatal development,
occurring through a burst of proliferation of granule cells
precursors in the SGZ, with peak between postnatal days
7 and 14 [46]. Afterwards, proliferation progressively
declines, and we show a sharp decrease (90%) in the
relative number of cycling cells at 10W, thus explaining
lack of cell killing at this time.

A more detailed analysis of cellular/molecular
alterations induced by cranial X-ray irradiation during
postnatal (10D) or adult neurogenesis (10W) using
proliferation and lineage-specific maturation markers
at several postirradiation times, shows that irradiation
persistently altered cell dynamics within the DG. Lending
further support to the higher radiosensitivity of young
brains, 10D-, but not 10W-irradiated mice showed
modification in the stem/proliferative cell compartment
of the SGZ at 1 day postirradiation. Neurogenic effects
showed a later occurrence in 10W-irradiated mice,
becoming evident at 7 days after irradiation. Persistent
depletion of cycling precursors, coupled with a deficit of
the immature/mature granule neurons (Dcx/NeuN), was
detected 6 months postirradiation in the SGZ of the DG
of both 10D and 10W-irradiated mice. This is consistent

with the notion that, as neurons are generated through
extensive division of precursors, continued loss of neurons
may deplete the precursor cell compartment. Noteworthy,
at low dose (0.1 Gy) the long-term effects in the DG
were milder, consisting in depletion of the proliferative
compartment in 10D-irradiated mice and increase in the
number of integrated mature neurons in the 10W group.

Proteomic data strongly suggested that the effects
of irradiation during postnatal neurogenesis at 10D were
more severe compared to irradiation at 10W, as shown
by the larger number of deregulated proteins at 6 month
postirradiation in 10D- compared to 10W-irradiated
mice (74 vs 38). Among the 3 proteins showing common
deregulation in 10D and 10W-irradiated mice, we found
long-term alterations of synaptic plasticity-associated
cytoskeletal remodeling pathways Rac1-Cofilin pathway,
which is typical after neonatal exposure [37]. Here, Racl
downregulation was also observed 10W-irradiated groups,
suggesting that impairment of this pathway is a persistent
molecular fingerprint of irradiation in the hippocampus
independent from age at exposure and could therefore be
valuable for clinical use as a biomarker.

Among proteins specifically deregulated in
10D-irradiated mice, we detected reduced levels of
presynaptic SNAP-25 and increased postsynaptic proteins
PSD-95. Impairment of synaptic functions may lead to
neuropsychiatric disorders collectively referred to as
synaptopathies, and reduced SNAP-25 expression is often
found in brain areas of psychiatric patients [47]. Importantly,
it has been recently shown in vivo that reduction of SNAP-
25 expression in CA1l hippocampal region leads to less
functional dendritic spines, as well as to a defective PSD-95
dynamics [48]. Alterations of synaptic plasticity mediated
by PSD-95, accompanied by reductions in dendritic
complexity and spine density, have been shown after
proton or y-rays exposure [43, 49]. In addition, we reported
long-term increase of PSD-95 expression after neonatal
irradiation, suggesting that alteration of synaptic proteins
is a general pathogenic mechanism of brain irradiation,
especially at young age. An important outcome of our
study is the finding that neuronal populations of different
maturation are impaired depending on age at irradiation,
i.e., persistent impairment of immature neurons (Dcx*) and
of terminally differentiated neurons (NeuN") is observed
in 10W- and 10D-irradiated mice, respectively. Notably,
SNAP-25 mutant mice are characterized by a marked
decrease (60%) in NeuN immunoreactivity, consistent
with an “immature DG phenotype” [50], suggesting that
SNAP-25 protein downregulation may lock new neurons
in an immature state, accounting for both lack of deficit in
the compartment of newly generated neurons (Dcx*) and
impairment of terminally differentiated neurons (NeuN"),
characteristic of 10D-irradiated mice. Moreover, “immature
DG”, has recently been recognized as a feature of patients
with psychiatric disorders such as schizophrenia and bipolar
disorder [51].
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