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Abstract Cranial radiotherapy is used routinely to con-
trol the growth of primary and secondary brain tumors, but
often results in serious and debilitating cognitive dys-
function. In part due to the beneficial dose depth distribu-
tions that may spare normal tissue damage, the use of
protons to treat CNS and other tumor types is rapidly
gaining popularity. Astronauts exposed to lower doses of
protons in the space radiation environment are also at risk
for developing adverse CNS complications. To explore the
consequences of whole body proton irradiation, mice were
subjected to 0.1 and 1 Gy and analyzed for morphometric
changes in hippocampal neurons 10 and 30 days following
exposure. Significant dose-dependent reductions (~33 %)
in dendritic complexity were found, when dendritic length,
branching and area were analyzed 30 days after exposure.
At equivalent doses and times, significant reductions in the
number (~30 %) and density (50-75 %) of dendritic
spines along hippocampal neurons of the dentate gyrus
were also observed. Immature spines (filopodia, long)
exhibited the greatest sensitivity (1.5- to 3-fold) to irradi-
ation, while more mature spines (mushroom) were more
resistant to changes over a 1-month post-irradiation time-
frame. Irradiated granule cell neurons spanning the sub-
fields of the dentate gyrus showed significant and dose-
responsive reductions in synaptophysin expression, while
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the expression of postsynaptic density protein (PSD-95)
was increased significantly. These findings corroborate our
past work using photon irradiation, and demonstrate for the
first time, dose-responsive changes in dendritic complexity,
spine density and morphology and synaptic protein levels
following exposure to low-dose whole body proton
irradiation.
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Introduction

Exposure of the central nervous system (CNS) to ionizing
radiation, either clinically for the control of cancer or
through occupational scenarios, elicits varying degrees of
normal tissue damage that carries the risk of compromising
cognitive function. While radiotherapy can effectively limit
primary and secondary tumor growth in the brain, increased
survival is often associated with severe neurocognitive
sequelae (Butler et al. 2006; Gorlia et al. 2012; Meyers
2000; Saury and Emanuelson 2011). Substantial evidence
has now linked cranial irradiation to progressive and
debilitating cognitive dysfunction (Barani et al. 2007). The
effects of irradiation disrupt diverse cognitive functions
including learning, memory, processing speed, attention
and executive function (Meyers 2000). In part by efforts
designed to minimize the adverse and unintended side
effects of radiotherapy, the use of protons for clinical
radiotherapy is rapidly expanding. Outside of the clinical
setting, new research in rodents have identified similar
adverse cognitive effects resulting from exposure to
charged particles typical of the space radiation environment
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(Britten et al. 2012; Lonart et al. 2012; Tseng et al. 2013).
Thus, whether at lower or higher dosing paradigms, expo-
sure of the CNS is associated with an increased risk of
developing acute and longer-term cognitive decrements
(Greene-Schloesser et al. 2012; Lonart et al. 2012). The
foregoing has become an increasing concern for those
exposed under a variety of scenarios, not only due to the
increasing numbers of cancer survivors, but also due to the
conspicuous lack of any satisfactory long-term solutions for
this serious side effect of radiation exposure to the CNS.

While the mechanisms linking radiation damage to
cognitive dysfunction remain uncertain, increasing evi-
dence suggests that persistent elevations in secondary
reactive oxygen and nitrogen and inflammatory species
play a contributory if not causal role in hastening the onset
and/or severity of cognitive impairment. Oxidative and
inflammatory processes are elevated in a number of neu-
rodegenerative conditions such as Alzheimer’s disease
(Markesbery 1997), Parkinson’s disease (Zhou et al. 2008)
and amyotrophic lateral sclerosis (D’Amico et al. 2013)
and can contribute to the persistent inhibition of hippo-
campal neurogenesis following irradiation (Mizumatsu
et al. 2003; Limoli et al. 2007; Fike et al. 2009). Despite
the impact of neurogenesis on cognition, it contributes a
relatively small percentage of neurons that functionally
integrate into synaptic circuits (van Praag et al. 2002),
suggesting that other factors may be important for radia-
tion-induced cognitive dysfunction.

To pursue the foregoing, and based on the absence of
quantitative information regarding the impact of irradiation
on mature neuronal structures, studies were undertaken to
analyze acute and longer-term changes in the morphometric
properties of irradiated neurons. Significant evidence has
linked compromised dendritic and spine morphology to a
host of neurodegenerative disorders (Kaufmann and Moser
2000; Huttenlocher 1991; Kolb and Whishaw 1998; Tronel
et al. 2010). Dendritic abnormalities are commonplace
among diseases such as epilepsy (Imitola et al. 2004),
recurrent depressive illness (Bremner et al. 1995), Alzhei-
mer’s disease (Terry et al. 1981) and Huntington’s disease
(Kaufmann and Moser 2000) and correlate with intellectual
disabilities found in Down’s (Takashima et al. 1994), Rett
syndrome (Armstrong et al. 1998) and Fragile -X syn-
dromes (Kaufmann and Moser 2000).

Given the importance of structure function relationships
in the CNS, it is not unexpected that optimal CNS con-
nectivity depends on the growth, branching, pruning and
remodeling of dendrites and spines to link activity depen-
dent synaptogenesis to the dynamic needs of the CNS.

Our past findings showing radiation-induced reductions
in dendritic spine densities and morphologies (Parihar and
Limoli 2013) parallel similar findings that suggest agents
or conditions that lead to reduced spine densities or
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perturbed morphology predispose individuals to develop-
ing cognitive impairments (Pfeiffer and Huber 2009; Sel-
koe 2002; Yuste and Bonhoeffer 2001, 2004; van Spronsen
and Hoogenraad 2010).

The foregoing indicates that changes in the ultrastruc-
tural features of neurons are critical determinants for
learning and memory, and when disruptions to these
intricate structural elements occur, cognitive function
begins to deteriorate. The capability of gamma irradiation
to precipitate long-lasting changes in synaptic plasticity
that resemble many neurodegenerative conditions sug-
gested such changes might underlie many of the resultant
cognitive defects. Based on the increasing presence of
hadron therapy for the treatment of CNS and other
malignancies (Miller et al. 2012), and the paucity of
information regarding the effects of such treatments on
neuronal structure, we sought to determine if/how exposure
to energetic protons might elicit acute and chronic altera-
tions to the anatomical structure of neurons. To facilitate
our neurobiologic studies of radiation effects, we selected a
transgenic mouse model that expresses enhanced green
fluorescent protein (eGFP) under the control of a modified
Thyl promoter that restricts expression to certain subsets
of neurons. With this model, we report our findings
detailing the consequences of proton irradiation on neuro-
nal micromorphometric parameters, including dendritic
anatomy, spine morphology and synaptic density.

Materials and methods
Animals, proton irradiation and tissue harvesting

All animal procedures were carried out in accordance with
NIH and IACUC guidelines. Transgenic mice [strain
Tg(Thy1-EGFP)MIrsJ, Stock No. 007788, Jackson Labo-
ratory, CT, USA] harboring the Thyl-EGFP transgene
were housed in ventilated cages, fed a standard pelleted
rodent chow, and housed in an environmentally controlled
room with a 14:10 h light: dark cycle. Mice were bred and
genotyped to confirm the presence of Thyl-EGFP trans-
gene. Male mice positive for the Thyl-EGFP transgene
were used for all studies.

Two-month-old mice were exposed to whole body proton
irradiation (0.1 or 1 Gy). Proton irradiations were conducted
at the Loma Linda University (CA, USA) Proton Research
Facility synchrotron accelerator using 250 MeV plateau
phase protons delivered at a dose rate of 0.25 Gy/min.
Following irradiation mice were returned to housing until
the time of analysis. Mice were killed at day 10 or 30 post-
irradiation by transcardial perfusion, after which brains were
cryoprotected and sectioned coronally (30 or 100 pum thick)
as described previously (Parihar and Limoli 2013).
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Immunohistochemistry and quantification
of pre- and postsynaptic protein levels

Coronal sections (30 pum thick) were immunostained for
the quantification of postsynaptic density protein (PSD-95)
or the presynaptic marker synaptophysin as described
previously (Parihar and Limoli 2013). Briefly, serial 30 um
thick sections (3/animals) from the anterior to posterior
hippocampus were selected, and three different fields
(220 x 220 pm) in each section were imaged from the
dentate gyrus. Images were collected using a Nikon Eclipse
TE 2000-U microscope with 0.5 pm-interval high-resolu-
tion Z-stacks (1024 x 1024 pixel). Analysis of PSD-95 or
synaptophysin was performed using the IMARIS spot tool
(v7.6, Bitplane Inc., Switzerland) that detects immuno-
stained puncta within 3D deconvoluted image stacks.
Puncta satisfying pre-defined criteria (verified visually for
accuracy) were converted to spots for quantification under
preset parameters kept constant throughout subsequent
analyses (Parihar and Limoli 2013).

Confocal microscopy, imaging and image processing

The expression of eGFP within neurons of homozygous or
hemizygous Thyl-EGFP mice provides a brightly fluores-
cent signal that expedites the micromorphometric analyses
of specific neuronal subsets. The strong signal-to-noise
ratio of the fluorescent neurons provides for an accurate,
precise and rigorous analysis and quantification of the
complete dendritic tree. For dendritic analyses, 100 um
thick hippocampal sections were prepared for confocal
imaging. Three sections per animal were used to generate
Z-stacks from four animals using a Nikon Eclipse TE
2000-U microscope (Nikon, Japan). Images comprising
each Z-stack (1024 x 1024 pixels) were acquired at (40x)
over the entire dendrite tree at 0.5 pm increments. Quan-
tification of dendritic parameters was derived from
Z-stacks reconstructed in 3D from deconvoluted images
using the AutoQuantX3 algorithm (MediaCybernetics,
MD, USA). Deconvoluted 3D reconstructions yielded high
spatial resolution images for detailed dendritic tracing and
spine classification using the IMARIS software suite (Bit-
plane Inc.) as previously described (Parihar and Limoli
2013).

Neuron reconstruction and spine classification

Details regarding the reconstruction of neurons and the
morphologic classification of spines have been described
(Parihar and Limoli 2013). Briefly, an algorithm for tracing
dendritic filaments was used to reconstruct the entire den-
dritic tree spanning a series of Z-stacks (220 x 220 pm?).
Dendritic tracing originates from the soma (diameters

8-11 pm) and terminates once dendrite diameters reach
sizes <0.6 pm. Reconstructed dendritic trees are then
reanalyzed for dendritic spines that can be labeled, manu-
ally verified, morphologically categorized and quantified
(Parihar and Limoli 2013). For spines to be included in our
analyses a maximum spine length and minimum spine end
diameter were set at 2.5 and 0.4 um, respectively. Param-
eters for the reconstruction and classification of dendrites
and spines were selected after manual measurements from
multiple neurons (8—10) from each cohort. Parameters were
further validated from an independent series of pilot
reconstructions in both manual and semi-automatic modes.
Images were compared for accuracy and consistency to
ensure that selected parameters represented actual varia-
tions in dendritic structure.

Statistical analyses

All morphological data in the present study are derived
from four animals per group and presented as the
mean £+ SEM. The differences in gross dendritic structure
(e.g. total dendritic length) and all spine parameters were
assessed by ANOVA (GraphPad Prism software, v6.0,
IBM Inc., CA, USA). P values <0.05 were considered
significant. For multiple comparisons of dendritic and spine
parameters, the Bonferroni correction was applied.

Results
Radiation-induced reductions in dendritic complexity

The inherent fluorescence of the eGFP expressing neurons
in our selected transgenic mouse model provide for a
detailed analysis of neuronal micromorphometry. Animals
subjected to low (0.1 Gy) or higher (1 Gy) dose proton
irradiation were analyzed over time for changes in den-
dritic complexity. Neurons analyzed in the granule cell
layer (GCL) of the hippocampus exhibit significant dose-
responsive reductions in dendritic complexity 10 or
30 days (Fig. 1; Tables S1, S2) following exposure.
Radiation-induced reductions in dendritic complexity are
readily apparent in deconvoluted (Fig. la—c) and recon-
structed (Fig. 1d—f) images. Reconstructed images (9 total)
were used to quantify changes in the number of dendritic
branches, branch points, length and area when compared to
unirradiated controls 10 or 30 days after irradiation
(Fig. 1). While changes in the dendritic tree were less
apparent at the 10 day time, reductions of all morphometric
endpoints were significantly lower 30 days following the
1 Gy dose (Fig. 1). Compared to controls, mean values of
dendritic branches (76 %, P < 0.05), branch points (65 %,
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Fig. 1 Reduced dendritic
complexity of granule cell layer
(GCL) neurons 10 and 30 days
after irradiation. a—c Examples
of deconvoluted eGFP positive
GCL neurons showing dendrites
orientated vertically and
traversing the molecular layer
(ML). d—f Deconvoluted 3D
reconstructed images of a—c,
respectively, with dendrites
containing spines projecting
into the ML (sky blue, cell body;
green dendrites; blue branch
points; red spines). g Dendritic
branching numbers, h dendritic
branch points, i total dendritic
length, and j total dendritic area
quantified at 10 and 30 days
after exposure to 0.1 and 1.0 Gy

B

P < 0.05), total length (61 %, P < 0.05) and total area
(65 %, P <0.01) were markedly lower after 1 Gy

(Fig. 1g—-).
Radiation-induced reductions in dendritic spines
Quantification of dendritic spines and spine morphology

following proton irradiation was facilitated by the presence
of brightly fluorescent GCL neurons. Analysis of several
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dendritic spine parameters 10 or 30 days following expo-
sure revealed significant and persistent dose-responsive
changes (Fig. 2; Tables S3, S4, S5). At 10 days post-irra-
diation, the higher dose (1 Gy) reduced significantly the
number of spines by 31 % compared to controls
(P <0.001, Fig.2), an effect that persisted to day
30(P < 0.001, Fig. 2). Measurements of spine density
confirmed similar trends at 10 days post-irradiation, where
1 Gy reduced spine density by 50 % compared to controls
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Control

Fig. 2 Radiation-induced reductions in dendrite spine density.
a—e Representative images of 3D reconstructed dendritic segments
(green) containing spines (red). Quantified dendritic spine parameters

(P < 0.01, Fig. 2). These changes were markedly enhanced
at the 30 day time point, where spine density was reduced
significantly by 39 % (P < 0.05) and 70 % (P < 0.01)
after 0.1 and 1.0 Gy, respectively (Fig. 2). Spine volumes
were relatively unaffected under the irradiation paradigms
used (Fig. 2).

Radiosensitivity of immature spines

To determine whether morphologically distinct spines
exhibit inherent differences in radiosensitivity, distinct
subclasses of spines were categorized and quantified at 10
and 30 days following exposure (Fig. 3; Tables S6, S7).
Reconstructed dendritic segments were analyzed for chan-
ges in specific subclasses of spines at different time after
irradiation as shown in representative images (Fig. 3).
Based on rigorous morphometric criteria (Parihar and Li-
moli 2013), dendritic spines were classified as either filo-
podia, long, mushroom or stubby. In general, more mature
spines (mushroom) along GCL neurons were found to be
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including spine number (f), spine density (g) and spine volume
(h) along GCL neurons 10 or 30 days after irradiation

relatively radioresistant, as their yields did not change sig-
nificantly compared to unirradiated controls. However,
irradiation had the largest impact on filopodia, where the
yield of these relatively immature spines was significantly
reduced by 66 % (P < 0.001) 10 days after 1.0 Gy and by
64 % (P < 0.001) and 73 % (P < 0.001) 30 days after 0.1
or 1.0 Gy, respectively (Fig. 3). Furthermore, 41 %
(P < 0.05) reductions in the immature long spine mor-
phologies were found 30 days after a 1.0 Gy dose of protons
(Fig. 3). It is evident from these data that spines of defined
morphology exhibit differential susceptibility to irradiation.

Radiation-induced up-regulation of postsynaptic
density protein (PSD-95) in the dentate gyrus

To analyze the consequences of irradiation on synaptic
protein levels in hippocampal neurons, immunohistochem-
istry was undertaken. Given the important role of the post-
synaptic density protein (PSD-95) in regulating synaptic
plasticity, we sought to analyze discrete immunostained
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Fig. 3 Radiation-induced
changes in the number of
morphologically distinct spines.
Reconstructed dendritic
segments showing the radiation-
induced reductions in filopodia
(white, a—c) along with other
spine types after irradiation,
using the color-coded
classification shown (d).
Quantified spine types including
filopodia, long, mushroom and
stubby morphologies 10 (e) and
30 (f) days following irradiation

puncta that can be visualized for deconvolution and quan-
tification. Neurons analyzed in the GCL and molecular layer
(ML) showed significant increases in the level of PSD-95
expression after each radiation dose when compared to
controls 10 and 30 days post-irradiation (Fig. 4; Table S8A).
The yield of PSD-95 puncta in the GCL and ML after 1 Gy
increased significantly by 59 % (P < 0.05) when compared
to controls 10 days later (Fig. 4). Interestingly, both 0.1 and
1.0 Gy proton doses led to significant (P < 0.001) increases
of 81 and 110 %, respectively, in PSD-95 puncta compared
to controls 30 days after irradiation (Fig. 4). These data
clearly demonstrate that exposure to high-energy protons
can elevate the level of PSD-95 puncta over an extended
period of time.

Radiation-induced down-regulation of the presynaptic
protein synaptophysin in the dentate hilus

To determine the effects of proton irradiation on a pre-
synaptic protein, immunohistochemistry was undertaken
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on the dentate hilus (DH), a hippocampal subfield enri-
ched in presynaptic terminals. Similar to the studies
above, synaptophysin expression in the form of discrete
puncta was analyzed 10 and 30 days following irradiation
by confocal microscopy (Fig. 5; Table S8B). In unirra-
diated controls, synaptophysin puncta were more abun-
dant, with individual clusters containing greater numbers
of puncta compared to irradiated samples. Reduced
staining was evident by day 10 following irradiation and
continued to dissipate throughout the dentate hilus by day
30. At the earlier 10 day time, synaptophysin expression
was reduced significantly in the DH by 30 % (P < 0.05)
after 1.0 Gy compared to controls (Fig. 5). At the latter
30 day time, the expression of synaptophysin was still
reduced significantly, lower by 24 % (P < 0.01) and
48 % (P < 0.001) after 0.1 and 1.0 Gy, respectively,
when compared to controls (Fig. 5). These data again
demonstrate that proton irradiation can induce a dose-
responsive and persistent reduction in the levels of
synaptophysin.
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Fig. 4 Up-regulation of PSD-95 expression following irradiation.
Fluorescence micrographs show that irradiation leads to increased
expression of PSD-95 puncta (red) in GCL neurons of the ML at both

Discussion

In the present study we have undertaken a micromorpho-
metric analysis of GCL neurons in the hippocampus of
transgenic mice that express eGFP in specific neuronal
subsets. We have recently reported the use of this system to
characterize the impact of photon irradiation on this same
region of the brain, where marked reductions in dendritic
complexity were found to coincide with alterations in
dendritic spine density and changes in synaptic proteins
(Parihar and Limoli 2013). Following the same rigorous
morphometric criteria, we have now completed a com-
prehensive analysis of the consequences of hadron therapy
on neurons within discrete subfields of the hippocampus.
While our analysis has revealed qualitatively similar trends
between gamma and proton irradiation, important quanti-
tative differences have also emerged. Significant and per-
sistent reduction in ultrastructural features of GCL neurons
coupled with alterations in pre- and postsynaptic protein
levels are likely to hasten the onset and severity of neu-
rocognitive sequelae resulting from exposure to highly
energetic protons.

1167
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o
ul) — I Control
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w 10000 l1 G
o y
*+

10 (¢, d) and 30 (e, f) days after irradiation compared to controls (a).
b Quantified PSD-95 puncta at 10 and 30 days after exposure to 0.1
and 1.0 Gy

The expansion of proton therapy units across the US
points to a future whereby a larger number of cancer sur-
vivors will be subject to normal tissue damage resulting
from hadron rather than photon therapy. The differences
between the dose-depth distributions between these two
radiation modalities suggest that normal tissue sparing
resulting from hadron therapy may ultimately reduce
complications associated with radiotherapy (Mohan and
Bortfeld 2011). Despite the potential benefits of protons in
radiotherapy, and in particular for the CNS, little or no
information has been reported regarding the impact of
proton irradiation on the more intricate subcellular struc-
tures that define neuronal anatomy. The capability of
photon irradiation to elicit significant perturbations to the
neuronal architecture suggested that equivalent or even
lower doses of protons may cause significant harm to
existing circuits in the brain. The space radiation envi-
ronment is another non-clinical setting where the CNS is
routinely exposed to the variable fluences and energies of
these charged particles, albeit at much lower doses (Cu-
cinotta and Durante 2006; Durante and Cucinotta 2008).
The foregoing provided much of the rationale for
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Fig. 5 Down-regulation of the presynaptic marker synaptophysin
following irradiation. Representative images of synaptophysin expres-
sion show reduced expression in the DH (blue cell bodies stained with
DAPI; red synaptophysin expression) at both 10 (middle panels) and
30 (lower panels) days after irradiation compared to controls (upper
left). Quantified synaptophysin staining at 10 and 30 days after
exposure to 0.1 and 1.0 Gy (upper right)

undertaking a series of studies to determine the conse-
quences of relatively low dose proton exposure on the
CNS.

As alluded to above, present findings indicate that pro-
ton irradiation (<1 Gy) elicits a spectrum of fundamentally
similar changes to GCL neurons in the hippocampus.
Quantification of multiple morphometric parameters
revealed significant reductions in dendritic complexity that
were particularly evident 30 days following a single 1 Gy
dose of protons (Fig. 1). Concomitant with the reductions
in dendritic arborization there were significantly lower
numbers of dendritic spines that resulted in dose-respon-
sive and persistent reductions in spine density (Fig. 2).
Noteworthy among these findings was that even the low
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0.1 Gy proton dose was sufficient to cause a significant
drop in spine density 1 month afterwards. To further dis-
sect the effects of proton irradiation, different spine mor-
phologies were quantified along defined dendritic segments
(Fig. 3). As observed with photon irradiation (Parihar and
Limoli 2013), exposure to protons had less of an effect on
mature compared to immature spines. On day 10 following
exposure, only the higher dose of 1 Gy led to a significant
reduction in filopodia, while the remaining spine types
were relatively unaffected (Fig. 3). However, 30 days after
irradiation, significant and dose-responsive reductions in
immature filopodia were found at both 0.1 and 1.0 Gy
doses. Interestingly, and opposed to prior findings with
photons, a 1.0 Gy dose of protons caused a significant drop
in long spines (Fig. 3), indicating the capability of protons
to reduce the yield of long spines. Dendritic spines are the
structural correlates of learning and memory that regulate
synaptic plasticity through dynamic changes in connectiv-
ity that are intimately dependent on changes in dendritic
arborization (Yoshihara et al. 2009). While some contro-
versy exists regarding the precise function of specific spine
types (Hermel et al. 2006; Urbanska et al. 2012), recent
evidence suggests that thin spines are more plastic and
involved in learning, while mature spines play a larger role
in memory (Bourne and Harris 2007). Changes in mor-
phology or spine density that adversely impact synaptic
function have been found to compromise neurotransmis-
sion and behavioral performance (Matsuzaki et al. 2004).
Present and recent findings have now demonstrated that
photons and protons over a wide range of doses can elicit
persistent reductions in dendritic complexity and spine
density. Because these changes resemble those defining
several neurodegenerative conditions, results are consistent
with the idea that radiation-induced dementia that pro-
gresses in brain cancer survivors (Butler et al. 2006;
Greene-Schloesser and Robbins 2012) is in part, caused by
ultrastructural changes to neurons that persist over time.
To understand further how proton irradiation might
modulate synaptic plasticity, we analyzed hippocampal
neurons for alterations in pre-and postsynaptic proteins.
Interestingly, the relatively low doses of protons used in
this study were found to elicit significant and dose-
responsive increases in PSD-95 levels. Expression of PSD-
95 puncta were elevated across the GCL and ML subfields
of the DG compared to controls, particularly at the 30 day
post-irradiation time point (Fig. 4). These findings cor-
roborate past work with photons (Parihar and Limoli 2013)
and demonstrate that acute exposure to a wide range of
doses stimulates a persistent increase in PSD-95 expression
along the dendrites of hippocampal neurons. PSD-95 is
involved in the development, outgrowth, branching and
maturation of dendritic spines and also plays a role in
modulating synaptic signals (Chen et al. 2010; Matsuzaki



Brain Struct Funct (2015) 220:1161-1171

1169

et al. 2004). While increased PSD-95 levels might suggest
more or larger synapses, dendritic spine morphology
(Fig. 3) suggests the opposite. In healthy brains, elevated
levels of PSD-95 enhance synapse formation and promote
larger synapses. However, over expression of PSD-95 is
also associated with aging, neuroinflamation and impaired
cognitive function (Chugh et al. 2013; Preissmann et al.
2012; Urbanska et al. 2012). Furthermore, PSD-95
expression varies according to spine type and increases
with spine maturation, being relatively low on immature
filopodia and relatively high on mushroom spines (Yoshi-
hara et al. 2009). Since we found a relatively small effect
on the number of mature spines (mushroom) but significant
radiation-induced reductions in the number of immature
spines (filopodia), elevated PSD-95 may not be necessarily
contradictory. Increased levels of PSD-95 could be related
to the activation of excitatory synapses located on mush-
room spines. In support of this, studies analyzing excitatory
toxicities have found a correlation between elevated levels
of PSD-95 and enhanced excitatory synaptic connectivity
in neurons (Chugh et al. 2013). PSD-95 over expression
may alter the ratio of excitatory to inhibitory synaptic
contacts and hence neuronal excitability that underlie many
complex psychiatric disorders (Levinson et al. 2005). Thus,
radiation-induced elevations in PSD-95 are likely to alter
neurotransmission through a variety of mechanisms
including the inhibition dendritic branching and dendrito-
genesis that ultimately reduce the complexity of the den-
dritic tree.

Present studies conducted at pre-synaptic sites along the
same neurons in the DH subfield of the hippocampus,
revealed significant and dose-responsive reductions in the
presynaptic marker synpatophysin. At 30 days following
proton irradiation, synaptophysin levels were reduced sig-
nificantly at 0.1 and 1.0 Gy, (Fig. 5), providing further
support for the capability of low-dose proton irradiation to
hasten the degeneration of GCL neurons and disrupt the
neurotransmission in the irradiated brain.

Present and past data have now uncovered convincing
evidence that both photon and proton irradiation elicit
persistent and adverse changes in the morphology of hip-
pocampal neurons (Parihar and Limoli 2013). Proton irra-
diation led to significant and generally dose-responsive
reductions in dendritic branching, spine density and alter-
ations in spine morphology and synaptic proteins that
likely disrupt basal neurotransmission through changes in
synaptic plasticity. It is informative to compare morpho-
metric endpoints measured after exposure to the different
types of irradiation (photon versus proton) at the same dose
(1 Gy) and post-irradiation intervals. A summary of these
data (Table 1) reveals some interesting trends. Photon
irradiation caused an increased reduction of all dendritic
parameters (branching, length, area) when compared to

Table 1 Altered structural and synaptic plasticity induced after
photon or hadron therapy

Structural Endpoint 10 days after 30 days after
parameter® 1 Gy 1 Gy
Photon Proton Photon Proton
Dendrites Branch no. 133 15 149 133
Branch points | 29 13 150 135
Length 131 17 1 68 138
Area 126 17 177 135
Spines Spine no. 14 131 130 142
Density 19 1 50 141 170
Volume 14 13 17 12
Spine types No. of 14 1 66 1 40 173
Fliopodia
No. of long 110 15 110 1 41
spines
No. of 17 114 16 118
Mushroom
No. of Stubby 17 17 18 17
Post-synaptic ~ PSD95 171 159 1171 1110

protein
Pre-synaptic
protein

Synaptophysin | 39 129 131 1 48

4 Numbers represent relative change (%) compared to unirradiated
controls. Arrows indicate increase (1) or decrease () in the value of
each parameter. Photon data derived from reference: Parihar and
Limoli, PNAS, 2013

proton irradiation. At 10 days after photon exposure,
overall dendritic complexity (all parameters) was reduced
by an average of 30 % compared to just 4.5 % for protons.
By 30 days, photon irradiation reduced dendritic com-
plexity by an average of 61 % compared to 35 % for
protons. This situation reverses, however, when spines
were analyzed, as protons were found to cause greater
drops in spine numbers and density when compared to
photons. At 10 days after irradiation, protons reduced spine
number and density by 31 and 50 % respectively, com-
pared to just 4 and 9 % for photons. By day 30, protons
reduced spine number and density by 42 and 70 %
respectively, compared to 30 and 41 % after photon
exposure. These overall differences in spine numbers and
density between photons and protons translated to signifi-
cant changes in the number of filopodia and long spines
observed after irradiation. While photons reduced filopodia
by 4 and 40 % at days 10 and 30 respectively, protons
reduced these same spine morphologies by 66 and 73 %
respectively. Differences found between each radiation
modality for synaptic protein levels were not as pro-
nounced, although both photons and protons led to similar
trends in PSD-95 (up-regulated) and synaptophysin (down-
regulated) expression. In summary, exposure to proton
irradiation leads to disruptions in dendritic morphology and
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Fig. 6 Schematic representation of consequences of photon and
proton irradiation-induced deterioration of structural and synaptic
parameters of hippocampal neurons that eventually perpetuate into
cognitive dysfucntion

spinogenesis that persist over time and are more pro-
nounced than that found with photon irradiation. While it
remains if/how these changes translate to cognitive deficits,
similar low-dose exposures using the same mouse back-
ground (C57Bl6) have confirmed that charged particle
irradiation disrupts behavioral performance and leads to
cognitive decrements (Tseng et al. 2013).

The foregoing suggests that the morphometric changes
measured in the brains of mice exposed to proton irradia-
tion will be contributory if not causal to radiation-induced
dementia. Comparison of photon and proton data analyzed
at the same post-irradiation times indicates a progressive
degradation of dendritic architecture. Subtle to severe
changes in dendritic structure measured 10 days after
exposure progress to severe disruptions when analyzed
30 days post-irradiation (Fig. 6). Persistent morphological
disruptions to neurons lead to altered synaptic plasticity
and neurotransmission that can manifest as cognitive dys-
function. The morphometric changes reported here are
temporally coincident with other radiation-induced

@ Springer

secondary reactive processes such as oxidative stress and
inflammation, representing some of multiple factors capa-
ble of impacting cognition. Our study contributes signifi-
cantly to ongoing efforts to define the radiation-induced
changes that underlie cognitive dysfunction. We assert that
the persistent reductions in dendritic complexity and spine
density along with disruptions to spine morphology and
synaptic proteins collectively disrupt neurotransmission
and CNS functionality in the irradiated brain.
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