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Abstract

Radiation from galactic cosmic rays (GCR) poses a significant health risk for deep-space flight
crews. GCR are unique in their extremely high-energy particles. Because of current spacecraft
shielding technology, some of the predominant particles astronauts would be exposed to are 1H +
160, Radiation has been shown to cause cognition deficits in mice. The hippocampus plays a key
role in memory and cognitive tasks in that it receives information from the cortex, undergoes
dendritic-dependent processing, and then relays information back to the cortex. The aim of our
study is to investigate the effects of combined 1H + 160 irradiation on cognition and dendritic
structures in the hippocampus of adult male mice three months postirradiation. Six-month old
male C57BL/6 mice were irradiated first with 1H (.5Gy, 150MeV/n) and one hour after with 160
(.1Gy, 600MeV/n) at the NASA Space Radiation Laboratory in Upton, NY. Three months after
irradiation, animals were tested for hippocampus-dependent cognitive performance in the Y-maze
test. Upon sacrifice, molecular and morphological assessments were conducted on hippocampal
tissues. During Y-maze testing, mice exposed to radiation failed to distinguish the novel arm,
spending approximately the same amount of time in all three arms during the retention trial
relative to sham. Irradiated animals also showed changes in expression of glutamate receptor
subunits and synaptic density-associated proteins. 1H + 160 irradiation compromised dendritic
morphology in the cornu ammonis 1 and dentate gyrus within the hippocampus. These data
indicate cognitive injuries due to 1H + 160 3 months post-irradiation.
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INTRODUCTION

The future of manned space exploration relies on understanding the health risks of long-term
deep-space missions. A variety of conditions pose hazards to human health in the deep-space
environment, chief among them is the radiation environment. The primary sources of
radiation includes galactic cosmic rays (GCR) and solar particle events (SPE). GCR consist
of the high-energy charged nuclei of approximately 87% hydrogen, 12% helium, and 1-2%
high-mass (Z > 2), high-energy (HZE) particles.(1) SPE are composed of mostly energetic
protons (*H).(2) Although minimal in relative abundance, HZE particles contribute to as
much as 20% of the total Mars-relevant total organ radiation dosage in deep space, while
from GCR alone deliver approximately 50-60% of radiation.(3-6) Electromagnetic
radiation, such as gamma and x-rays, is effectively absorbed by spacecraft; however, there is
currently no feasible shield capable of mitigating the charged-particle radiation dosage
encountered en route to Mars and beyond.(7)

Data from the Curiosity rover during its transfer orbit aboard the Mars Science Laboratory
and after its landing in the Martian Gale crater for approximately 300 days, near the solar
maximum of cycle 24, has revealed an average radiation dosage of 0.21 + .04 mGy/day on
the surface and 0.48 + .08 mGy/day during transfer orbit. These data suggest that a dose
equivalent estimate of radiation for a mission with 360 days of cruise and 500 days on the
surface of Mars is approximately 1.06 Sv.(4, 5) In order to further understand the threats to
human health during space exploration, NASA has instituted a Human Research Roadmap,
which embraces the possibility that central nervous system (CNS) damage may occur, and
the risk of acute and late CNS effects from space radiation has been outlined as a key area of
research. NASA has recently defined permissible CNS exposure limits of 500 mGy for 30
days, 1,000 mGy for 1 year, and 1,500 mGy for a career. NASA also limits CNS exposure to
charged particles (Z > 10) to 1-year and career dose exposure limits are 100 mGy and 250
mGy.(d) Due to the high-risk tasks demanded of astronauts on a mission to Mars, the
intactness of their cognitive faculties may prove critical to mission success.

Recent studies have shown that exposure to HZE particles impaired animal cognitive
behavior. Mice exposed to 160 (.3Gy) and 48Ti (.05, .3Gy) failed to discriminate between
novel and familiar objects during the novel object recognition (NOR) test and had reduced
preference to explore novelty during the object in place tasks.(8) Rats irradiated with 56Fe
spent less time in the platform quadrant than sham, and they failed to distinguish a novel
object in the Morris Water Maze (MWM) and NOR tests, respectively.(9, 10) Exposure to
1H has yielded similar results. Irradiated mice showed cognitive impairment during the
MWM.(11) However, there is a paucity of research exploring the combination of and HZE
particles on the CNS. To date, only one study assesses whether HZE particles in
combination with 1H affected cognitive behavior. Researchers found that mice irradiated
with 1H alone (.1 Gy) and with 1H followed one day later by >6Fe (.5 Gy) failed to
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distinguish between a novel and familiar object in NOR, whereas the cohort irradiated solely
by 56Fe (.5Gy) showed no deficits. These findings suggest that 1H were responsible for the
impairment.(12) The aim of the present study is to investigate how whole body mixed field
1H + 160 irradiation within one day affects hippocampus-dependent cognitive performance
and dendritic complexity 3 months postexposure.

MATERIALS AND METHODS

Animals and Irradiation

Y-maze

All animal procedures were approved by the Institutional Animal Care and Use Committees
of the University of Arkansas for Medical Sciences (UAMS) and Brookhaven National
Laboratory (BNL). Sample sizes in this study were n=10 per treatment group, and every
assay involved samples from mice that underwent behavioral testing. Male C57BL/6 mice
were obtained from Jackson Laboratory (Bar Harbor, ME) and were housed 5 per cage.
Throughout the duration of the study, mice received standard rodent chow that was low in
soy (2020X, Harlan Laboratories), water ad /ibitum, and were housed on a 12:12 hour
light:dark cycle. At 6 months of age, mice were transported to BNL by overnight airlift. At
BNL, mice were again administered the 2020X diet, water ad /ibitum, and were housed on a
12:12 hour light:dark cycle. After a one week acclimation, mice were exposed to whole-
body irradiation at the NASA Space Radiation Laboratory (NSRL) at BNL. For this purpose,
mice were individually placed in well-ventilated clear Lucite cubes, and then placed within
the NSRL beam line, 5 mice at the time. Mice received a single dose of 1H (150 MeV, 0.5
Gy, 18-19 cGy/min), and immediately after exposure, mice were placed back in their cage.
An hour later, all mice were placed in Lucite cubes a second time and exposed to whole-
body 160 (600 MeV/n, 0.1 Gy, 18-33 cGy/min). Radiation dosimetry was performed by the
NSRL physics team. Sham-irradiated mice were also transported to NSRL and placed in
clear Lucite cubes, but were not exposed to 1H or 160. Two days after irradiation or sham
treatment, mice were returned to UAMS by overnight airlift. Upon return, mice were
administered 2020X chow, containing 150 ppm fenbendazole, for 8 weeks, as a routine
UAMS quarantine procedure.

The Y-maze assessed short-term spatial memory and exploratory activity in a novel
environment.(13) It consisted of three acrylic glass arms (45 x 15 x 30 cm), each designated
as either the starting arm, the novel arm, or the familiar arm. The test consisted of two
different trials that were performed 4 hours apart. Before the experiment, animals (n=10)
were assigned to two arms (start and familiar) to which they were exposed during the first
phase of the test (training trial). A unique object was secured at the end of each arm to
differentiate start, familiar, and novel arms. Allocation of arms (start, familiar, and novel)
was counterbalanced within each experimental group. During the training trial, mice were
put at the end of the start arm and allowed to freely move and explore the start and familiar
arm for 5 minutes. The novel arm was blocked during the training trial. After 4 hours, the
second trial (testing trial) was performed during which mice had free access to all three arms
and were allowed to explore the Y-maze for 5 minutes. Each session was recorded on a
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charge-coupled device video camera, located above the maze for automatic behavioral
analysis with EthoVision software version 11 (Noldus Information Technology).

RNA Extraction and Quantitative Reverse Transcription Polymerase Chain Reaction (QRT-
PCR)

After behavioral tests, mice were anesthetized by isoflurane inhalation, and hippocampi
were dissected from each treatment group (n=10 per group), immediately frozen in liquid
nitrogen, and subsequently stored at —80°C. Total RNA was extracted from hippocampal
tissue with the AllPrep DNA/RNA extraction kit (QIAGEN, Valencia, CA), according to the
manufacturer’s protocol. RNA quality and quantity was assessed on a Nanodrop 2000
instrument (Thermo Scientific, Waltham, MA). cDNA was synthesized with random primers
and a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA),
according to the manufacturer’s protocol (Life Technologies, Grand Island, NY). The levels
of gene transcripts were determined by gRT-PCR with TagMan Gene Expression Assays
(Life Technologies, and Integrated DNA Technologies, Coralville, 1A), according to the
manufacturer’s protocol. In all cases, GAPDH was used as an internal reference gene, and
fold changes were calculated with the 2-ddCt method. Measurements were taken in
triplicates.

Golgi Staining
To establish the impact of 160 + 1H on mature neuronal morphology, brains from mice
exposed to 160 + 1H were Golgi stained and analyzed for structural changes in hippocampal
neurons. Advantages of the Golgi—-Cox method for assessing dendritic spine dynamics are its
resistance to fading or photobleaching over time. Often cited disadvantages of Golgi—-Cox
staining are the limited ability to determine the neurochemical phenotypes of impregnated
neurons. However, the Golgi-Cox method has been described as a useful tool in a variety of
human diseases and animal models, where data from gross inspection or histology was not
consistent with the expected behavioral/neurologic alteration.(14, 15)

Immediately after sacrifice, brains (n = 6) were extracted and bilaterally cut along the mid-
sagittal plane, then brains were treated with the Golgi-Cox method of staining. Right
hemispheres were immersed for 2 weeks in an impregnation solution containing potassium
dichromate and mercuric chloride. Samples were then immersed for at least 48 hours in a
post-impregnation buffer. Each sample was sectioned at 200 um in 1X PBS with a
microtome. Samples were then transferred into wells and washed with 0.01 M PBS buffer
(pH 7.4) with Triton X-100 (0.3%) (PBS-T). Immediately after washing, samples were
stained with ammonium hydroxide and then immersed in a post-staining buffer (Bioenno
Tech superGolgi kit). Sections were again washed in PBS-T, mounted on 1% gelatin-coated
slides, and allowed to dry. Sections were finally dehydrated with ethanol solutions, followed
by cleaning in xylene, and coverslipped with Permount™ (Fisher).

Dendritic Spine Density and Spine Morphology

Blinded to the experimental conditions, we analyzed dendritic spines that were conducted on
coded Golgi impregnated brain sections that contained the dorsal hippocampus. Spines were
examined on dendrites of dentate gyrus (DG) granule neurons as well as apical (stratum
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radiatum) and basal (stratum oriens) dendrites of CA1 pyramidal neurons. The neurons that
satisfied the following criteria were chosen for analysis in each of the experimental groups:
presence of 1) non-truncated 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) Five dendritic segments (each at least 20 nm in length(17))
per neuron were analyzed, and 6-7 neurons were analyzed per brain. Neurons that met
staining criteria were traced using a 100 X oil objective, a computerized stage, and
Neurolucida software (Ver. 11, Microbrightfield, Inc., Williston, VT).

Dendritic Morphology Quantification

The explored morphological characteristics included Sholl analysis, total dendritic length,
number of branch points, and dendritic complexity index (DCI), and these were performed
with the Neuroexplorer component of the Neurolucida program. First, we collected the Sholl
analysis, which is used to assess the amount and distribution of the arbor at increasing radial
distances from the cell body.(18) The distance between each radius was set to 10y for our
experiments. The length of each dendritic branch, within each progressively larger circle, is
counted from the soma. This provides information about the amount and distribution of
dendritic material. Next, we performed branch-point analyses. A branch point represents a
bifurcation of the dendrite when a branch divides into two sub-branches. Branch-point
analysis is based on the number of bifurcations and the order of the points.(19) Lower
branch-point orders represent proximal regions of the tree, whereas larger branch-point
orders characterize distal regions. The branch-point analysis was used to determine the
complexity of the dendritic arborization. The complexity of the dendritic tree is an important
phenotypic component of the branching analysis. DCI was determined by the following
equation, DCI=Y branch tip orders + # branch tips) x (total dendritic length/total number of
primary dendrites). In the CA1 areas, apical and basal dendrites were analyzed separately.

Statistical Analysis

Data were expressed as a mean + the standard error of the mean. The behavioral data were
analyzed over the full 5-minute length of each test. A one-way ANOVA followed by a
Bonferroni post-hoc test was used to evaluate statistical differences between sham and
irradiated groups in the Y-maze. Unpaired two-tailed t-tests with Welch’s correction were
used to evaluate statistical differences between sham and irradiated groups. gRT-PCR was
performed in triplicates and averaged prior to statistical analyses, such that the standard error
of the mean applied only to the appropriate n, and not the triplicates. All statistical analyses
were conducted with GraphPad Prism 6.0 software (La Jolla, CA), and p < 0.5 was
considered significant. For measures of dendritic intersections, a mixed-factors ANOVA was
used to test for the effects of irradiation (between subjects variable) and distance from the
cell body (Sholl radius, repeated measures variable), and this was followed by a Fisher least
significant difference post-hoc tests when appropriate.
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The Y-maze test is based on the instinctive curiosity of rodents to explore novel areas
without negative or positive reinforcements to the animals.(20) In our study, sham irradiated
mice exhibited a significant preference for the novel arm over the familiar and start arm,
indicating normal spatial recognition (F(2 27) = 22.28, P < 0.0001; Fig 1a). In contrast, the
mice irradiated with 1H + 160 spent a significantly higher proportion of time exploring the
familiar arm (F (2.26) = 6.15, P < 0.01; Fig 1b), suggesting that they did not recognize the
novel arm, which would indicate impaired spatial-recognition memory. Discrimination ratios
can be interpreted as the animal ‘forgetting’ what arm was encountered during the
familiarization phase, and a decrease in the discrimination ratio can occur either from
increased exploration of the familiar arm or reduced exploration of the novel arm. (21) A
group difference effect on recognition memory was expected and, indeed, the results showed
a statistically significant treatment effect on the discrimination ratios (t=3.83, P<0.01). The
1H + 160-irradiated animals spent significantly more time exploring the familiar objects;
hence, the discrimination ratio was negative (Fig. 1c) and the percentage of total entries to
the novel arm was significantly lower (t=4.95, p=.0001; Fig 1d). No significant locomotor
activity changes were observed due to irradiation. However, trends in significance towards
increased locomotor activity due to treatment were found in measures of mean velocity
(t=2.04, p=.06; Fig 2a), and total distance moved (t=2.01, p=.07; Fig 2b).

Maodifications in NMDA and AMPA Receptor Expression

In this study, we examined the mRNA expression of N-methyl-D-aspartate (NMDA)
subunits, Nrl, Nr2a, and Nr2b, in the hippocampus of sham and 1H + 160 irradiated mice.
We found that the mRNA expression level in Nrl did not significantly change due to
treatment (t=2.03, p=0.06; Fig. 3a). However, we did find that irradiation significantly
increased mRNA expression of subunit Nr2a (t=2.31; p < 0.05; Fig. 3b), but significantly
decreased expression of subunit Nr2b (t=5.13, p< 0.001; Fig 3c).

We also evaluated the mRNA expression of a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) subunits, GIuRI and GIuR2. mRNA expression of GIuRlI
significantly increased in irradiated animals (t=2.80, p < 0.05; Fig 4a), but mMRNA
expression of GIuR2 showed no significant changes (t=1.42, p=0.18; Fig 4b).

Alterations in Presynaptic and Postsynaptic Expression

We analyzed the mRNA expression of presynaptic (synapsin-1 and synaptophysin) and
postsynaptic markers (drebrin, synapse-associated protein 97, and PSD-95). 1H + 160
significantly increased mRNA expression in synapsin-1 (t=4.95, p < 0.001; Fig 5a) and
synaptophysin (t=2.38, p < 0.05; Fig 5b). *H + 160 also significantly increased drebrin
(t=4.06, p < 0.01; Fig 5c) and synapse-associated protein 97 (t=4.27, p < 0.01; Fig 5d)
MRNA expression, but PSD-95 (t=0.15, p= 0.88) was not affected.
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Changes in Spine Density and Spine Morphology

Quantitative analysis showed that after IH + 160 irradiation the overall spine density in the
DG was not significantly changed (t = 1.27, p = 0.23; Table 1). Next, we analyzed the
density of different types of dendritic spines, and we found that the density of thin spines
was not significantly modulated (t=0.09, p = 0.93; Table 1). However, when we analyzed
density by spine type, there was a significant increase in stubby spines (t=2.91, p < 0.05;
Table 1), and a decrease in mushroom spines (t=3.90, p < 0.01, Table 1) after irradiation.

In contrast to what was observed in the DG spine analysis, irradiation significantly increased
overall density in the CA1 apical spines (t=3.82, p < 0.05; Table 2a). In addition, when we
analyzed the density by spine type, we did not find significant changes in thin (t=0.28,
p=0.79 Table 2a) or stubby (t= 1.17, p=0.30 Table 2a) spine types. However, there was a
significant decrease in the density of mushroom spines (t=2.74, p < 0.05; Table 2a). In the
basal pyramidal dendrites of the CAL region, overall spine density was unchanged after
irradiation (t=0.14, p=0.89; Table 2b). There were also no significant changes in thin
(t=0.05, p=0.96; Table 2b), stubby (t=I .48, p=0.19; Table 2b), or mushroom spines (t=1.76,
p= 0.15; see table 2b).

Dendritic Morphology

Dentate Gyrus Granule Neurons.—To further investigate the effects of whole-body
irradiation on neuronal morphology, we performed a segmental Sholl analysis to examine
the changes in dendritic length as a function of radial distance from the cell soma. In the
DG, there was a significant interaction between treatment and segmental dendritic length
after irradiation (F (25 7g) = 2.88 p<0.001), indicating that the effect of irradiation is
associated with a different distribution of dendritic branches over the entire tree. The
ANOVA also detected a significant main effect of treatment (F (1 78) = 67.49; p <0.0001) and
distance (F (25,7g) = 48.35; p <0.0001). Post-hoc analysis revealed that irradiation increased
dendritic arborization compared to the sham controls. This increase in arborization was
particularly evident at 80y, 160 — 180u (Fisher’s LSD, p<0.05) and at 100 — 150u from the
soma (Fisher’s LSD, p<0.001; Fig 6a). In addition, we found differences in total dendritic
length (t=2.53, p < 0.05 see Table 1) and a trend in the number of branch points (t=2.34 p =
0.05; see Table 1). In accordance, the DCI of the DG was significantly different between the
groups (t=3.30, p < 0.05; Fig 6b).

CA1 Pyramidal Neurons.—We performed a similar analysis on the apical and basal
region of the CA1 pyramidal neurons. There was a significant interaction between treatment
and segmental dendritic length in the CAL apical area (F (24,104) = 4.26: p<0.0001). A two-
way ANOVA also detected a significant main effect of treatment (F (1, 104) = 160.8; p
<0.0001) and distance (F (25 104) = 43.20; p <0.0001). Further analysis showed that
radiation-induced alterations of apical dendrite morphology depended on radial distance
from the soma. Sholl analysis of dendritic arborization revealed that irradiation significantly
decreased intersections at 40-100 um (Fisher’s LSD, p<0.0001; Fig 7a) from the soma. In
addition, arborization was significantly decreased in regions at 30 and 110-120 pm from the
soma (Fisher’s LSD, p < 0.05) in irradiated mice (Fig 7a).
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In the basal dendrites of CA1 pyramidal cells, there was a significant interaction between
treatment and sham segmental dendritic length (F (25 104) = 5.79; p < 0.0001). An ANOVA
also detected a main effect of treatment (F (1 104) = 50.92; p < 0.001) and distance (F (25 104
=180.30; p <0.0001). Post-hoc analysis revealed that irradiation decreased dendritic
arborization at 30 - 40 ym and 100 pm from the soma (Fisher’s LSD, p<0.05; Fig 7b) as well
as at 50-90 pm (Fisher’s LSD, p<0.001) compared to the sham controls (Fig 7b).

Similar to the observations in the DG, we found significant differences in the CA1 apical
area and a trend towards significance in the basal area for total dendritic length (apical
t=5.23, p < 0.01; basal t=2.17, p=.06), significant differences in the number of branch points
(apical t=3.18, p < 0.05; basal t=3.07, p < 0.05 see table 2b), and the branch point
complexity (apical t=6.35, p < 0.001, Fig 7c; basal t=3.05, p < 0.05, Fig 7d).

DISCUSSION

Exposure to 1H + 160 radiation induced numerous changes to the hippocampus of mice.
Mice exposed to 1H + 160 radiation failed to significantly distinguish the novel arm from the
familiar arm, showed a decreased arm discrimination ratio, spent less time exploring the
novel object, and showed a reduced percentage of novel arm entries, relative to sham-
irradiated mice in the Y-maze test (Fig 1). This indicates a deficit in short-term recall, a
hippocampus-dependent process.(22) Expression of the NMDA receptor subunit, Nr2a,
significantly increased, whereas Nr2b decreased. The expression of AMPA receptor subunit,
GIluR1, also significantly increased (Fig 4). Presynaptic density markers, synaptophysin and
synapsin-1, underwent significant upregulation in irradiated mice, as did postsynaptic
markers, drebrin-1 and synapse-associated protein 97 (Fig 5).

Irradiation also modulated hippocampal spine density by increasing the amount of stubby
spines and decreasing the amount of mushroom spines in the DG. The apical CA1 region
underwent a significant decrease in the density of mushroom spines as well as an overall
increase in total spine density (see Table 2). Furthermore, the hippocampal dendritic arbor
underwent remodeling. Dendritic length from the soma and DCI appear to have been altered,
and a trend towards significance in bifurcations was observed in the DG granule neurons of
treated animals. Similar changes were observed in the CA1, where basal dendrites
underwent overall changes in complexity and bifurcations, and trended in total dendritic
length. Apical CA1 dendrites decreased in overall length from the soma, complexity, and the
number of branch points. (see Table 2)

Spatial learning and memory are considered hippocampus-dependent tasks.(23, 24) Previous
studies examining the cognitive deficits from either 1H or 160 radiation exposure found that
this exposure caused behavioral abnormalities.(5, 10, 11) Rats irradiated with .5 Gy of 160
spent significantly less time exploring the novel object in the NOR paradigm.(10) Mice
exposed to .3 Gy of 160 showed a significant decrease in the discrimination index in the
NOR test and in the object in place test.(5) Mice irradiated with .5 Gy of 1H showed a
significantly increased swim distance to the hidden platform during the spatial-2 reversal
learning phase of the MWM test.(11) As previously stated, the only other study examining
the effects of 1H and HZE particles studied mice exposed to 1H (.1Gy) and 56Fe (.5Gy)
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separated by 24 hours. The study found that mice were unable to distinguish between the
novel and familiar objects in an NOR test 3 months postirradiation; however, the impairment
was attributed to 1H alone.(12) Therefore, it is thus possible that charged particle irradiation-
induced deficits to hippocampal-dependent processes may depend on particle type, order of,
dosage, and time between charged particle administration.

Hippocampal-dependent learning involves the tightly regulated synaptic interactions of
presynaptic glutamatergic axons and postsynaptic dendritic spines. Dendrites are the branch-
like extensions from neural cell bodies, which receive synaptic inputs, modulating action-
potentials. Dendritic branches serve as computational units because of their ability to reach
appropriate input targets, elicit action-potentials modulated by dendritic membrane
potentials and to propagate action potentials to the soma.(25, 26) Each dendrite features a
number of different spines that protrude from the dendritic shaft via actin scaffolding and
serve to receive synaptic inputs.(27) The various types of dendritic spines are characteristic
of the strength of the synapse. Mushroom and stubby spines, for example, are distinguished
by their head surface area, which allows for more receptor anchoring. Because of their
strong excitatory potential, mushroom and stubby spines are more stable and are able to last
for longer periods of time, thus earning the role of memory spines. On the contrary, thin
spines, which have a small bulbous head, are unstable but can be remodeled into stable
spines. Because of this plasticity, thin spines are referred to as learning spines.(28) The
decrease in DG and CAL apical mushroom spines is consistent with the observed behavior
of irradiated mice that showed diminished memory and recall during the Y-maze test. The
increase in stubby spines observed in the DG could possibly be the result of localized
changes in the GTPase activation pathway, which dictate the actin dynamic effectors
responsible for the fine-tuning of spine neck morphology.(29) Accordingly, alterations to
this pathway are observed in patients with various forms of mental retardation.(30, 31)
However, this change was not observed in other hippocampal regions, and is a potential
subject for future studies.

Dendritic spines are host to a number of ionotropic glutamate receptors. These include
NMDA receptors coupled with AMPA receptors that, depending upon stimulation and
postsynaptic density protein (PSD-95) presence, can dictate the spine morphology and
induce long-term potentiation.(32—35) Also essential for synapse formation are presynaptic
vesicle formation and clustering, which are regulated by synapsin-1.(36) Changes in
dendritic spine and branching morphology disrupt neuronal circuits and are linked to many
psychiatric disorders.(37-41) Acute stress and learning processes alike require
reorganization of neural networks due to the tightly controlled nature of dendritic
maintenance. (42)

HZE irradiation has been shown to modify dendritic morphology within the prefrontal
cortex and hippocampus. HZE particles appear to modulate spine density, dendritic length,
and bifurcations. Dendritic spines also appear to undergo changes in proportions of
subtypes.(8, 43) A decrease in dendritic length, branch point, and spine density are apparent
in the DG of H-irradiated mice receiving doses of .1 and 1 Gy one month post-exposure.
(44) We observed the opposite effect in the DG, where irradiation caused an increase in
dendritic length, a trend towards increase in total branch points, and cranial gamma-
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irradiation has been previously shown to increase NMDA receptor subunits NR1 and NR2A
in the CAL1 of rats. (45) We observed a trend towards fold increase in NR1 expression in the
hippocampus, which is consistent with these findings; however, the decrease of NR2A
expression is not. Interestingly, an increase in PSD-95 expression has been previously
observed as a result of 160 irradiation (.05 and .3 Gy, 6-weeks postexposure) in the medial
prefrontal cortex.(5) An increase in PSD-95 expression was also observed after 1H
irradiation (.1 and 1 Gy, 30 days postexposure) in the DG, though we did not observe a
change in PSD-95 mRNA expression in the whole hippocampus.(44) It is unclear whether
the effects of charged-particle irradiation on PSD-95 expression are due to transcription,
radiation dosage, age of exposure, or length of time postexposure. However, treated animals
saw a significant increase in expression of two other post-synaptic markers, synapse-
associated protein-97 and drebrin-1.

It has been previously reported that 56Fe irradiation (.5 Gy) caused a decrease in dendritic
length at approximately 90-140 um from the soma, and that (.1 and IGy) resulted in an
overall decrease in dendritic length in the DG.(43) However, our Sholl analyses showed that
a significant increase in dendritic length at 90-180u from the soma in the DG, and an
increase in complexity, yet the proportion of mushroom spines decreased, and stubby spines
increased. We found an irradiation-induced decrease in dendritic length in the basal and
apical CALl areas at approximately 30-100 and 30-110 pm from the soma, respectively. In
addition, we observed severely reduced dendritic complexity in the basal and apical CAl, a
decrease in apical mushroom spine density, an increase in overall spine density suggesting a
shift toward long-term depression, which likely resulted in modulation of the hippocampal
circuit output. Other studies have recently found that mice 3-months postexposure to 28Si
ion radiation (1 Gy), and 1H radiation (.5 Gy, 1 Gy) suffered impairments to CA1-region
neuronal outputs.(46, 47) 1H-irradiated (1Gy) mice exhibited hyperpolarization of the
resting membrane potential, a decrease in input resistance, an increase in persistent Na+
current and increased rate of miniature excitatory postsynaptic currents in CA1 neurons.(4d)
A lower dose of 1H (.5 Gy) evoked increased field excitatory post-synaptic potentials and
reduced spontaneous oscillation frequency in the CA1 9 months postirradiation.(11)
Exposure to 28Si resulted in decreased population spike amplitudes and reduced maximal
neuronal output.(47) The DG is considered the input region of the tri-synaptic hippocampal
circuit, where information flows from the DG to CA3, and ultimately to the CA1, which
serves as the main output.(48, 49) Complex morphological changes associated with different
subregions may ultimately compromise the output of hippocampal-dependent processes,
potentially manifesting in cognitive-behavioral deficits. The CA1 region of the hippocampus
has been implicated in signaling environmental novelty, and thus, the observed
morphological changes to the dendritic arbor along with the changes in spine densities and
subtypes within the DG and CA1 may have significantly compromised this ability in
irradiated mice.(50)

Accumulating evidence suggests deep-space radiation-induced cognitive hazards associated
with dendritic remodeling and synapse-related protein expression in cognitive structures
within the brain. Dendrites serve as key computational units necessary for processing
targeted inputs and relaying signals to the soma.(25) In this study, one of the first to
investigate the biological effects of exposure to two charged particles within a day, 1H + 160
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irradiation resulted in short-term memory deficits, dendritic remodeling within the DG and
CAL of the hippocampus, and changes in gene expression of synaptic markers. Due to
reported differences in behavior as a result of exposure to different particles and energies,
further research with true and more complex mixed fields is required. Although there is a
growing understanding of the effects of charged particle irradiation on the CNS, the body of
literature pertains almost exclusively to studies done with male rodents. Due to inherent
differences in sex-dependent radiosensitivity, future studies should address comparisons
between males and females. Finally, glial cells play an important role in the maintenance of
neurons. There are currently no publications examining changes in oligodendrocytes or
astrocytes due to whole-body exposure to 1H and other HZE particles in animal models.
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Figure 1: 1H + 180 irradiation impairs short-term memory during Y-maze test.
Mice exposed to radiation showed impaired memory during Y-maze testing, as compared to

nonirradiated mice, by failing to recognize the novel environment when exposed to it 4
hours later (A, B). (A) Sham-irradiated mice were able to successfully distinguish the novel
arm, by spending significantly more time exploring it. (B) Irradiated mice were not able to
distinguish between the three Y-maze arms, and spent an approximately equal time
exploring all arms during the retention trial. (C) 1H + 160 irradiated animals spent
significantly more time exploring the familiar object than the novel object; thus, the
discrimination ratio of the irradiated animals was below the zero axis. (D) Radiation also
significantly decreased the total number of entries into the novel arm. Average + SEM
(n=10); *p<.05; **p<.01; ***p<001; ****p<.0001
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Figure 2: 1H + 160 irradiation causes trends toward significance in locomotor activity in the Y-
maze test.
(A) H + 160 irradiated animals displayed a trend towards increased mean velocity. (B)

Radiation also displayed a trend towards increased total distance moved. Average + SEM
(n=10)
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Figure 3: 14 + 160 radiation induces alterations in NMDA receptor gene expression.
(A) The mRNA levels of the NMDA subunit, Nr1, were not significantly changed in

irradiated mice compared to sham mice. (B) However, the mRNA levels in the NMDA
subunit, Nr2A, were significantly upregulated, (C) and the mRNA levels in NMDA subunit,
Nr2B, were significantly decreased in irradiated mice compared to sham. Data are presented
as fold change in gene expression relative to 0 Gy controls. Average = SEM (n=10); *p <
0.05; ***p < 0.001
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Figure 4: Effects of 1H + 160 exposure on gene expression of AMPA receptors.
(A) In irradiated mice, the mRNA expression level of AMPA subunit, GIuR1, significantly

increased compared to sham exposed mice; (B) however, the mRNA expression level in
AMPA subunit, GIuR2, decreased, but not significantly. Average + SEM (n = 10); *p < 0.05.
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Figure 5: Alterations in presynaptic and postsynaptic gene expression.

(A) Synapsin 1 and (B) synaptophysin mRNA expression significantly increased in
irradiated mice compared to sham irradiated mice. Postsynaptic markers (C) drebrin and (D)
synapse-associated protein 97 also experienced significant increases after 1H + 160 exposure
compared to sham irradiated mice. Average = SEM (n = 10); *p < 0.05; **p < 0.01;
***p<.001
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Figure 6: Sholl analyses and Dendrite Complexity of neurons in the dentate gyrus.
(A) Dendritic length, measured by Sholl analysis, increased in arborization, particularly

evident at 80-180 pm from the soma. (B) H + 160 exposure greatly increased the overall
dendrite complexity in the dentate gyrus. Average + SEM (h = 5); *p < 0.05, p < 0.001.
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Figure 7: Sholl analyses and Dendrite complexity of CA1 pyramidal neurons.
(A) Sholl analysis revealed that irradiation significantly decreased dendritic length from the

soma at 30-120 um in the apical CAL. (B) Basal CA1 dendrites underwent a decrease in
arborization at 30-100 pm from the soma in irradiated animals. (C) In the CA1 apical
pyramidal dendrites, there was a significant decrease in the overall complexity. (D) 1H + 160
irradiation significantly decreased basal dendrite complexity. Average = SEM (n = 5); *p <
0.5, **p < 0.01, ***p<0.001, fp < 0.001.
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Table 1:

Effects of IH + 160 on spine morphology in hippocampal DG

Cell Type and Measurement | Sham (mean = SEM) | 1H + 160 (mean = SEM) | p-value

DG

Thin Spines 60.08 + 2.24 59.85 + 1.45 p=0.93
Stubby Spines 29.04 £0.82 33.64+1.35 p<0.05
Mushroom Spines 9.70 £0.80 6.51+0.16 p<0.01
Overall Density 19.40 + 0.46 20.23 £0.47 p=0.23
Total Dendritic Length (um) 1,269 + 75.97 1,747+ 191.3 p<0.05
Total # Branch Points 10.92 +0.77 16.35+2.45 p=005
Dendritic Complexity 44,955 + 4592 119,171 + 24,941 p<0.05

*
Bold figures represent significant values
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Table 2:

Morphological analysis of apical and basal dendrites in CA1

A

Cell Type and Measurement | Sham (mean = SEM) | 1H + 160 (mean + SEM) | p-value
CALl Apical

Thin Spines 57.09 + 3.89 58.19 £ 0.76 p=0.79
Stubby Spines 32.88 +2.51 35.93+0.71 p=0.30
Mushroom Spines 10.03 +1.47 5.88 +£0.36 p<0.05
Overall Density 19.06 + 0.47 21.52 +£0.54 p<005
Total Dendritic Length (um) 860.0 + 75.80 404.9 £ 15.55 p <001
Total # Branch Points 13.80 +1.37 7.01a 1.63 p<0.05
Dendritic Complexity 81,463 + 9,499 12,348 a 1,730 p<0.001
B

Cell Type and Measurement | Sham (mean = SEM) | 1H + 160 (mean = SEM) | p-value
CAl Basal

Thin Spines 55.44 +2.47 55.60 + 1.82 p=0.96
Stubby Spines 34.41+0.98 37.65-1.96 p=0.19
Mushroom Spines 10.15+1.90 6.76 £ 0.34 p=015
Overall Density 18.47 £ 0.64 18.63 £ 0.52 p=0.89
Total Dendritic Length (um) 1,326 + 160.9 750.5 + 209.9 p=006
Total # Branch Points 16.56 +1.72 7.87+2.24 p<0.05
Dendritic Complexity 43,333 £ 11,350 4.098 + 694.2 p<0.05
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