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Abstract

Objective Therapeutic irradiation is commonly used to treat brain cancers but can induce cognitive dysfunction, especially
in children. The mechanism is unknown but likely involves alterations in dendritic spine number and structure.

Methods To explore the impact of radiation exposure on the alteration of dendritic spine morphology in the hippocampus
of young brains, 21-day-old Sprague—Dawley rats received cranial irradiation (10 Gy), and changes in spine density and
morphology in dentate gyrus (DG) granules and CA1 pyramidal neurons were detected 1 and 3 months later by using Golgi
staining. Moreover, we analyzed synapse-associated proteins within dendritic spines after irradiation.

Result Our data showed that cognitive deficits were detected in young rats at both time points postirradiation, accompanied
by morphological changes in dendritic spines. Our results revealed significant reductions in spine density in the DG at both
1 month (40.58%) and 3 months (28.92%) postirradiation. However, there was a decrease in spine density only at 1 month
(33.29%) postirradiation in the basal dendrites of CA1 neurons and no significant changes in the apical dendrites of CA1
neurons at either time point. Notably, among our findings were the significant dynamic changes in spine morphology that
persisted 3 months following cranial irradiation. Meanwhile, we found that depletion of the synapse-associated proteins
PSD95 and Drebrin coincided with alterations in dendritic spines.

Conclusion These data suggest that the decreased levels of PSD95 and Drebrin after ionizing radiation may cause changes in
synaptic plasticity by affecting the morphological structure of dendritic spines, blocking the functional connectivity pathways
of the brain and leading to cognitive impairment. Although the mechanism involved is unclear, understanding how ionizing
radiation affects young brain hippocampal tissue may be useful to gain new mechanistic insights into radiation-induced
cognitive dysfunction.
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Introduction younger children at diagnosis have demonstrated higher intel-

ligence quotients and functional deficits [3, 4]. At present,

Cranial irradiation has been regarded as a standard treatment
protocol that increases survival rates of pediatric brain tumors
but may lead to progressive cognitive impairments. Approxi-
mately 50 to 60% of children will be at risk of cognitive
dysfunction, resulting from cranial irradiation treatment [1].
Radiation-induced cognitive injury has diverse characteristics
but often includes decreased hippocampus-dependent learn-
ing, memory and spatial processing abilities [2]; moreover,
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more than 60% of pediatric cancer patients are expected to
survive into adulthood [4], and cognitive impairment is one of
the most debilitating late effects, expressed as learning disa-
bilities, social difficulties, long-term education and vocational
limitations [5]. Consequently, understanding how ionizing
radiation affects young brain hippocampal tissue may be use-
ful to gain new mechanistic insights into irradiation-induced
cognitive dysfunction.

Synaptic plasticity contributes to acquiring new infor-
mation, adapting to environmental influences and repairing
damage. Changes in spine structure and density correlate
with synaptic plasticity, which in turn positively correlates
with cognition [6-8]. If dendritic spines are regarded as the
material foundation of memory, dendritic spine stabilization
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is proposed to be very important for long-term memory [9].
Although previous research has shown that irradiation com-
promises neuronal architecture in adult mice [10, 11], much
less is known regarding the impact of cranial irradiation on
dendritic spines in the hippocampus of young animals. The
brain tissue in children is far more sensitive to radiation than
the adult brain [12]. The incidence of brain cancers in children
is higher than that in adults, and multimodality treatments
increase the probability of long-term survival [13]. Thus, neu-
ropsychological and behavioral outcomes of pediatric patients
are receiving increasing attention. However, to the best of our
knowledge, there have been few reports with respect to the
temporal and region-specific effects on spine density and mor-
phology after irradiation in young animals, which are roughly
equivalent in age to young children (i.e., <5 years old).

In the current study, we addressed the effects of cranial
irradiation on dendritic spine morphology, synaptic density
and synaptic proteins associated with cognitive dysfunction
in young rats to provide more detailed morphological evi-
dence and investigation of hippocampal deficit.

Materials and methods
Animals

Twenty-one-day-old male Sprague-Dawley rats (50-60 g)
were obtained from the Medical Experimental Animal Center
of Soochow University (Suzhou, China). The rats were kept
in a temperature- and light-controlled environment, provided
with food and water, and then randomly divided into two
groups: the control group and the irradiation group. The
Animal Care and Ethics Committee at Soochow University,
China, approved all experimental procedures.

Irradiation

During the administration of radiation, the rats were anes-
thetized with 3.6% chloral hydrate (360 mg/kg), and the
control rats were treated similarly. The rats were placed in a
prone position in a linear accelerator (SL 18, Philips, UK)
as described previously [14, 15]. Each rat received a single
dose of 0 Gy or 10 Gy of 4 MeV electron beam cranial
irradiation.

Cognitive test

The Morris water maze and novel object recognition tests
were used to determine behavioral effects of irradiation.
Experiments were performed at the Institute of Neurosci-
ence, Soochow University. All testing occurred during
08:00-16:00. The Morris water maze test was used to exam-
ine hippocampal-dependent spatial learning and memory
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function, as described previously [15]. The novel object rec-
ognition task is based on the concept that rodents will spend
more time exploring novel objects than familiar objects.
During the trial phase, rats were first placed into a rectan-
gular box (505 mm height X410 mm length X410 mm width)
and presented with two identical objects for 3 min. During
the test phase (performed 1 h later), one familiar object was
changed to a novel object, and the rats were placed in the
box for 3 min. The exploration time for the familiar or novel
object during the test phase was recorded.

Analysis of dendritic spine density and morphology

Golgi staining was performed for spine analyses using the
FD Rapid GolgiStainTM Kit (FD Neurotechnologies Inc.,
Baltimore, MD) following the manufacturer’s guidelines.
The neurons that satisfied the following criteria were cho-
sen for analysis: (1) presence of untruncated dendrites; (2)
consistent and dark Golgi staining along the entire extent of
the dendrites; and (3) relative isolation from neighboring
neurons to avoid interference with analysis [16]. Three to
five dendritic segments, each at least 30 um in length per
neuron, and 10—11 neurons were analyzed per brain. Neu-
rons that met the staining conditions were imaged under a
Zeiss Axio Imager microscope with a 40 X objective.

Dendritic spines can be classified into the following cate-
gories: (1) thin: a long neck and a small head; (2) mushroom:
a small neck and a large head; and (3) stubby: a very short
spine without a distinguishable neck [16]. The dendritic seg-
ments were imaged under a Zeiss Axio imager microscope
with a 100 X oil immersion objective. ImageJ software was
used to quantify the spine density, which was presented as
the number of spines per 10 um of dendrite length.

Western blotting

In brief, protein samples were separated using SDS-PAGE
gels and transferred to PVDF membranes. The sample load-
ing quantity was 25-40 pg, and membranes were incubated
with primary antibodies at 4 °C overnight. After washing
with TBS-T, membranes were incubated with secondary
antibody for 1 h at room temperature. Visualization was
performed with chemiluminescence detection reagent.

Statistical analysis

All data are expressed as the mean + SEM and were ana-
lyzed with SPSS 17.0 software (SPSS, Seattle, USA).
Independent sample t-test was used to analyze the mean
comparison between two groups. Where behavioral data
were nonnormally distributed, a Mann—Whitney U-test
was used. *p <0.05; **p <0.01; ***p <0.001.
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Results

Impaired hippocampus-dependent behaviors
in young rats after cranial irradiation

Learning and memory tasks were performed in young rats
to evaluate cognitive dysfunction 1 and 3 months following
cranial radiation. One month after irradiation, there was no
significant difference in the place navigation and the spa-
tial probe test (data not shown) between the two groups.
However, the control rats found the platform faster than the
3-month postirradiation rats (Fig. 1A). All rats improved
their performance on days 1-4 during the place navigation
test, while on day 5, the radiation group had a longer latency
time than the control (25.59+£3.27 s vs. 15.98+2.01 s;
n=15-20, p=0.013; Fig. 1B). In the spatial probe test,
the control rats spent significantly more time in the target
quadrant compared to the treated rats (27.75+1.27% vs.
21.95+1.50%; n=20, p=0.002; Fig. 1C). The control rats
crossed the target annulus nearly four times, whereas the
irradiated rats crossed only twice (Fig. 1D).

A novel object recognition test was used to evaluate
hippocampus-dependent nonspatial learning and memory
(Fig. 1E). During the 3-min training session, sham and
radiated rats showed no significant difference in explora-
tion time of the objects (data not shown). One hour after
the training trial, rats were tested for novel object rec-
ognition. Sham rats spent more time exploring the novel
object than the familiar object at 1 month after 10 Gy
(control: 58.19 +1.33%, irradiated: 47.51 +4.15%; n=20,
p=0.035; Fig. 1F), but there were no group differences at
3 months postirradiation (p > 0.05; not shown).

Changes in dendritic spine density after radiation
exposure

In this study, we showed that there were significant reduc-
tions in spine density at both 1 month (40.58%, p <0.001)
and 3 months (28.92%, p <0.001) postirradiation in the
DG (Fig. 2A, B). However, in the basal dendrites of
CA1 neurons, there was a significant reduction (33.29%,
p <0.001) in spine density only at 1 month postirradiation
(Fig. 2C). Meanwhile, we found that cranial irradiation
did not significantly alter spine density in the CA1 apical
neurons at either time point (Fig. 2D).

Changes in dendritic spine morphology after radiation
exposure

The research above showed that radiation exposure greatly

reduces the overall spine density in the DG. When we
analyzed the types of dendritic spines, we found that the
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Fig.2 Irradiation-induced time and region-specific changes in den-»
dritic spine density in the DG and CAl area. A Quantitative analysis
showing dendritic spines/10 pm in the DG neurons; irradiation rats
exhibit a significant reduction than in control rats. Right: Representa-
tive dendrites in the DG granule neurons. B Cranial irradiation effects
the numbers of dendritic spines/10 pm in the pyramidal neurons in
the CAl region. Right: Representative basal dendrites. C No changes
in spine density are observed after cranial irradiation in the CAI.
Right: Representative apical dendrites. The scale bar indicates 5 pm

irradiated rats had reductions in the density of mushroom
spines by approximately 7.17% and 9.29% at 1 and 3 months
postirradiation, respectively, relative to the controls (Fig. 3A,
B). The proportion of thin spines was decreased (7.86%,
p<0.01) only at 3 months, while the changes were not sta-
tistically significant at 1 month (Fig. 3A, B). However, a
remarkable increase in the proportion of stubby spines was
only observed at 1 month (Fig. 3A, B).

In the basal dendrites of CAl neurons, our analysis
showed no significant changes in thin spines at either time
point (Fig. 3C, D). On the other hand, we found that the
density of mushroom spines decreased dramatically at
both 1 month (10.01%, p<0.01) and 3 months (11.94%,
p<0.01) (Fig. 3C, D) after treatment. Surprisingly, there
was a trend toward a significant increase in stubby spines
at both 1 month (11.43%, p <0.01) and 3 months (9.51%,
p<0.01) (Fig. 3C, D).

In the apical pyramidal dendrites of CA1 neurons, there
were no significant changes in the overall density of spines
at either time point. When analyzed by spine type, we found
differences in thin, mushroom, and stubby spines between
the control and irradiated groups (Fig. 3E, F). There was a
significant decrease in thin spines (10.01%, p <0.01) and
a trend toward an increase in mushroom spines (7.50%,
p <0.01) compared to the control group at 1 month (Fig. 3E).
Although no significant differences were observed in the
proportion of mushroom spines between the sham and irra-
diated groups at 3 months, there were significant differences
in the proportion of thin (6.56%, p <0.01) and stubby spine
subtypes at 3 months postirradiation (Fig. 3F).

Radiation exposure resulted in a significant
decrease in synapse-associated protein levels
in the hippocampus

Postsynaptic density protein (PSD95) plays an important
role in regulating synaptic plasticity and is associated with
synapse number or synaptic loss. The developmentally regu-
lated brain protein (Drebrin) is a developmental regulatory
protein that has been shown to be important in the remod-
eling and regulation of dendritic spines and synapses. There-
fore, we further examined the effects of ionizing radiation on
the levels of PSD95 and Drebrin proteins in rat hippocampal
tissues. The results showed that the PSD95 protein content
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the proportion of spine morphological sub types in the DG-neurons
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in the hippocampus of rats decreased by 24.6% (p <0.01)
1 month after ionizing radiation and further decreased by
50.5% (p <0.001) 3 months after radiation (Fig. 4A). Dre-
brin is involved in brain development and affects the for-
mation of dendritic spines. In this study, Drebrin protein
expression was decreased by 39.6% and 39.2% at 1 month
and 3 months after irradiation, respectively (p <0.05)
(Fig. 4B).

Discussion

Many research studies on radiation-induced cognitive defi-
cits have largely focused on adult animals. In these studies,
radiation-induced cognitive dysfunctions were generally
detected after higher doses of radiation and much longer
follow-up times [17, 18]. Previous reports have suggested
that younger age at the time of irradiation exposure is one
of the highest risk factors associated with cognitive impair-
ment [19-21]. Our behavioral study showed that young rats
(21 days old) exhibited early-occurring cognitive deficits
at 1 month postirradiation in the novel object recognition
test. Moreover, performance in the probe trials during the
Morris water maze was impaired 3 months after irradiation.
To our knowledge, radiation-induced cognitive impairment
has not been observed in adult rats after the same dose and
at the same time point after irradiation [22, 23]. These

Days after irradiation

results support the notion that young rats are particularly
susceptible to irradiation exposure.

Theoretically speaking, there must be some anatomical
and functional changes concomitant with cognitive impair-
ment after cranial irradiation. It has been reported that cog-
nitive function strongly correlates with synaptic plasticity
[24, 25], and changes in the density and morphology of
dendritic spines are a structural correlate of synaptic plas-
ticity. The hippocampus plays an important role in learning
and memory, and there have also been reports of differences
in responses between CA1 pyramidal cells and DG gran-
ule cells after injury [26]. In the current study, analysis of
Golgi-stained neurons showed that radiation exposure led
to a significant decrease in spine density in the DG region
over time and a significant reduction in the basal dendrites of
CA1 pyramidal neurons at 1 month. In contrast to previous
studies performed on adult animals [10], our data suggest
that a relatively severe decrease in the extent of dendritic
spines persisted for a long time after irradiation, and such
changes induced by irradiation may have a more profound
effect in young animals than in older animals.

Recent advanced technologies in molecular biology have
demonstrated a close relationship between spine morphol-
ogy and synaptic function [24]. Most notable among our
findings were the significant dynamic changes in spine mor-
phology that persisted 3 months following cranial irradia-
tion, although no changes in spine density were observed
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in the CA1 region at either time point. Meanwhile, our data
showed that in both DG and CA1 dendrites, the proportions
of mushroom spines were particularly affected by irradiation
exposure. Thin spines have been shown to be highly motile
and transient. Similar phenomena were also found in other
studies [10, 27]. Mushroom spines have larger postsynaptic
densities and contain more o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors that are impor-
tant in conferring postsynaptic cell excitability, representing
more stable ‘‘memory spines’’ [27, 28]. Thus, the loss of
mushroom spines, as seen here, may have a more profound
effect on neuronal function. Thin spines maintain structural
flexibility to enlarge and stabilize after long-term poten-
tiation and can accommodate new, enhanced or recently
weakened inputs, making them candidate “learning spines”
[29]. Radiation may reduce the neuron’s ability to form new
synapses and changes in activity. Conversely, a significant
increase in the proportion of stubby spines was detected in
both the DG and CA1 regions after irradiation. Although
less is known about these stubby structures, some scholars
speculate that the proportion of stubby spines changed by
radiation exposure might regulate cognitive function through
alterations in dopaminergic signaling [10]. Previous studies
confirmed that changes in spine morphology and density
can alter the wiring and functioning of a brain region [30].
It seems that the structural changes we observed in spine
morphology varied, suggesting a strong association with
cognitive dysfunction after irradiation in young rats.

PSD95 is a major scaffold protein that determines the
size and strength of dendritic spines; in particular, the loss
of PSDOS is likely to partly underlie dysfunction in learn-
ing and memory processes [31, 32]. In this study, we found
that irradiation decreased the accumulation of PSD95, which
may result in changes in dendritic spines. However, previous
studies showed that X-ray irradiation decreased the levels of
cytoskeletal proteins in dendritic spines but PSD95 levels
were not reduced in mature neuron dendritic spines in vitro
[33] and significantly increased along dendrites in adult
transgenic mice (2 months old) after irradiation [11]. Such
discrepancies among studies may be due to differences in the
irradiation source or dose. More importantly, age-induced
alterations in PSD95 protein expression levels may result
in the differences described above [32]. Further studies are
necessary to elaborate on the associations between radiation
and alterations in PSD95 protein levels at different ages at
the time of treatment. In addition, the decrease in Drebrin
levels may be another reason for the loss of plasticity of
dendritic spines, which may cause changes in synapses by
affecting the morphological structure of dendritic spines,
block the functional connectivity pathways of the brain,
and cause cognitive dysfunction [34]. However, the mecha-
nism remains to be fully elucidated.
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In conclusion, cranial irradiation resulted in persistent
cognitive deficits, caused alterations in spine density and
morphology in the young hippocampus in a time-dependent
and region-specific manner, and reduced PSD95 and Drebrin
levels that coincided with the onset of memory impairment,
suggesting that a disturbance in neuronal circuitry function
may be caused by massive simultaneous synaptic dysfunction
underlying radiation-induced cognitive deficits. Our study
shows a possible association but not causative role in the
pathogenesis of cognitive impairments. Further research is
needed to validate the molecular mechanisms behind learning
and memory deficits after ionizing radiation in young rats.
In this study, our present data and those from other studies
in adult animals create a basis to elucidate radiation-induced
cognitive impairments.
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