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Neuron cells consist of the soma or cell body, axons, dendritic arbor with multiple branches, and dendritic spines which are
the substrates for memory storage and synaptic transmission. Detriments in neuron morphology are suggested to play a key
role in cognitive impairments following brain irradiation. Multiple molecular mechanisms are involved in the regulation and
stability of neuron morphology, while the effects of radiation on these processes have not been studied extensively. In this
report, we consider possible biological targets in neurons for energy deposition (ED) by charged particles that could lead to
neuron morphology detriments, and the resulting dose and radiation quality dependence of such detriments. The track struc-
tures of heavy ions including high charge and energy (HZE) particles consists of core of high-ED events and a penumbra of
sparse ED from §-ray electrons produced in ionization of target molecules. We consider the role of track structure relative to

possible targets causative in the degradation of morphology.

Studies of cranial irradiation (IR) with low-linear
energy transfer (LET) irradiation and HZE particles
have revealed disruption of cognitive functions as well
as drastic inhibition of hippocampal proliferation and
neurogenesis”' . Irradiation also impacts the medial
prefrontal cortex (mPFC) that affects executive func-
tion and decision making®. A possible mechanism
contributing to the cognitive detriments experienced
following cranial irradiation is the persistent reduc-
tion in the structural complexity of mature neurons
throughout the brain. Cranial irradiation reduces den-
dritic complexity and spine density, and alters the
density of specific spine types® ™.

Heavy ion irradiation at low to moderate doses
occurs in exposures to cancer patients” near the per-
iphery of the tumor volume and for chronic cosmic ray
exposures during space missions'”. For medical radi-
ation exposures reducing normal tissue damage to
acceptable tolerances is the major consideration, while
radiation protection both on Earth and in space is
based on principles of risk justification and limitation.
Deterministic effects occur above dose thresholds after
a significant number of cells are damaged within a tis-
sue, with a severity that increases with dose, including
an inverse correlation between dose and latency. Dose
limits for deterministic effects including risks to the
skin, blood forming system, and lens are based on
avoiding all risk with limits set at estimated doses
below a likely threshold for clinically significant effects.
The increased incidence of cataracts observed after the
low space radiation doses of past space missions""* 12,
where only a small fraction of cells in a tissue are
damaged, suggests that new paradigms for determinis-
tic effects should be considered for HZE particles.
Cognitive changes following low dose irradiation likely

involve distinct biological factors compared to other
tissues, including changes to synapse plasticity and dis-
tinct modes of oxidative damage.

Dendritic complexity influences many aspects of
neuronal function, including action potential propa-
gation and information processing. Alterations in
neuronal branching and dendritic spine morphology,
including the shape, size and number of spines, has
been found in several brain disorders, suggesting that
dendritic spines may serve as a common factor in the
pathogenesis of neurodegenerative disorders. Studies in
mice and rats provide some evidence for the dose and
radiation quality dependence of cognitive changes;
however, their relationship to morphological changes
is poorly understood. The larger ED in small volumes
representative of neuron structures from high LET
radiation suggests distinct biological effects may occur
between photons and HZE particles. In this report,
we consider possible targets for ED in neuron cells
that could be linked to changes in neuron morph-
ology and aid in understanding cognitive detriments.

NEURON MORPHOLOGY

Neuron morphology can show great variability in
different brain regions and in general this structural
variability can be attributed to dendritic complexity.
The cell body or soma containing the nucleus will
have variable volume between different types of neu-
rons. The soma diameter can be as small as 7 pm in
cerebral granule cells that are the smallest and most
numerous of neurons in the brain, 15 pm in dentate
granule cells"? in the hippocampus and 20 pm or
larger for pyramidal cells in the hippocampus and
cortex""?. The number of main dendritic branches is

© The Author(s) 2018. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com



F. A. CUCINOTTA AND M. A. ELIEDONNA CACAO

also a characteristic of different types of neurons.
Figure 1 displays three types of neurons reconstructed
from the public depository www.neuromorpho.org!>.
Dendrites like the branches of a botanical tree are
continuous structures. In general, dendrites have lar-
ger radius close to soma (~3 pm), become thinner as
the path-length distance from the soma increases with
diameters less than ~0.5 um at the distal tips. A prox-
imal dendrite gives rise to two daughters, distal den-
drites at the dendritic bifurcation points. A main
dendritic branch can have multiple branch points and
branch order is a directional counting order of such
bifurcation points along a dendritic path. Human
neurons are typical longer in length than neurons of
rodent models such as mice.

Dendritic spines are the membrane protrusions on
the dendritic branches and house specialized molecu-
lar machinery including intracellular proteins, mem-
brane inserted ion channels, receptors and adhesion
proteins. The size, morphology and predicted function
of spines also show variability. First, immature spines,
called filopodia are more motile membrane invagi-
nations directed by fast polymerization and de-
polymerization processes searching for adhesion sites
on other neurons or synapses on afferent fibers.

A
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Figure 1. Neurons and neuronal compartments. The neur-
onal morphology and arborization are distinct for pyram-
idal (A), dentate granule cell (B) and dopaminergic (C)
neurons. However, the underlying geometries are similar in
different neuron types with filopodia and long, mushroom
and stubby spines (D). Neuromorpho ID numbers!'>
sponding to structures shown are (A) NMO 00207, (B)
NMO 07642 and (C) NMO 09579. Total dendritic lengths
and number of branches: (14793, 2491, 10539) um and
(181, 29, 417), respectively.
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Established spines can change morphology as young,
long spines to more mature spines with large head
volume connected to a dendrite with thin spine neck
due to the addition of pre- and post-synaptic pro-
teins. Stubby spines are the morphological character-
ization of short and stalky spines as illustrated in
Figure 1 for mouse neurons. Spine density including
filopodia can be as high as 2.7 per pm on some den-
dritic branches® and up to 15000 spines can form
on a pyramidal cell as in Figure 1A.

Computer models'*'® of neurons can be devel-
oped from morphological data repositories such as
Neuromorpho"> with data for different animal spe-
cies and neuron types. Structural parameters to be
considered define dendritic complexity without and
with IR through quantification of neuronal cell bodies
(Nyy), total dendritic length (DL7), the number of den-
dritic branch points (BPy), branch number (BN ) and
dendritic spines normalized to DLrt. Alternatively in
silico neurons can be formed from Monte-Carlo based
algorithms"® which reproduce average properties
(BPt, DL, BNy) with stochastic variation and used
to investigate the effects of radiation damage.

Experimental techniques to visualize morphological
changes have been reported using single cell methods
as well as the use of scoring of population of cells
in tissues from brain slices. Single neuron observa-
tions can be achieved by neuro-tracers®” or trad-
itional Golgi staining®". Tissues prepared with green
fluorescent protein (GFP) have the advantage of pre-
senting a population of neurons on thin slices (~60 pm
depth) of brain sections® 22, however, the dose
dependence of soma and dendrite damage induced
apoptosis can modify the number of neurons in a
slice™®. In contrast, Scholl analysis®® considers a sin-
gle neuron, while measuring the contribution of DLy
and branch points in concentric circles centered at the
soma thus providing a quantitative method to com-
pare damaged and control neuron morphologies.

HEAVY ION TRACK STRUCTURE

The term ‘track-structure’ refers to the description of
the position of excitations and ionization of target
molecules from the passage of ions through biomole-
cules, cells or tissues. Originating from the primary
particle track are the energetic secondary electrons,
denoted as &-rays. lonization and excitation processes
caused by the ion and &-rays lead to a stochastic cas-
cade of biological damage events. It is these initial
insults from particles interacting with biomolecules
that lead to all biological damage from radiation.
Track-structure descriptions are needed in theoret-
ical models of biological responses to understand and
extrapolate limited radiobiology data to other radi-
ation qualities and doses. However, unlike progress
that has been made over many years in modeling
DNA damage, mutations and cell survival using
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track-structure models, the use of such models and
possible biological targets for degradation of neu-
ron morphology have not been considered until
recently'*19),

A challenge for computational models of neuron
damage is the large radial and longitudinal extensions
of a particles track due to 8-rays relative to the spatial
extent of a neurons dentate arbor (1000s of microns
depending on neuron types and animal species).
Defining a d-ray range is complicated by the large
angular scattering that occurs in their interaction with
atomic electrons. Common approaches®* 2> are to
use extrapolated range or range defined by a low
value of transmission (~5%). Figure 2 shows predic-
tions of various models®* 2% for the track-width
defined by the maximum range of §-rays with the ion
velocity determining the kinematic constraint on the
corresponding maximum &-ray kinetic energy®” 2.
The Kobetich and Katz formula allows for convenient
analytic formulas for electron extrapolated-range,
LET, and inverse energy-range®.

Radial dose models can be built from analytic for-
mula leading to accurate predictions®” 2®, which is
an advantage compared to Monte-Carlo codes!'® 2%
that have slow convergence at large radial distances
from the track for HZE particles. The integration of
radial dose overall all radial distance yields the LET.
Figure 3 shows the %-cumulative LET versus radial
distance in water media for representative ions in
therapy (*2C at 30 MeV/u) and cosmic rays (°°Fe at
1000 MeV/u). Similar results were found for radial
frequency distributions®”. This comparison indicates
heavy ions can deposit significant amounts of energy
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Figure 2. Predictions of track width in water media from &-
ray emission. Prediction from the Kobetich and Katz®, Tabata
et al® and Tskef er al®® models are compared. The Tabata
et al® and Tskef et al®® formula are plotted outside of pub-
lished lower and upper energy ranges, respectively. The modified
Kobetich and Katz model adjusts the parameters of the original
formula to agree with other determinations for ions with kinetics
energies <20 MeV/u.
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in multiple spines and dendritic branches along its
track. Interestingly because of the large sizes of mouse
or human neurons dendritic arbors, a significant num-
ber of ions in therapy or space exposures will deposit
all of their energy within the volume containing a sin-
gle neuron (with sizes of a 1000-um or more) as indi-
cated by the range and track width data in Table 1.
Significant clusters of ionization including multiple
ionizations in a molecule, and production of reactive
oxygen species (ROS) will occur along the track core
and for stopping ions within individual arbors.

DAMAGE MECHANISMS

Experimental studies of possible damage mechanisms
causative of the degradation of neuron morphology fol-
lowing low or high LET radiation are extremely sparse.
Here, we briefly describe several possible mechanisms,
and also consider results from non-radiation studies of
morphology detriments that can help guide experimen-
tation with charged particles while focusing theoretical
studies of ED in possible neuronal or other bio-
logical targets.
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Figure 3. Predictions of %Cumulative LET versus radial
distance, ¢ for *°Fe (1000 MeV/u) and '2C(30 MeV/u) ions.

Table 1. Average properties of protons and several heavy
ions in water equivalent media.

Particle LET, Range, Track-width,
(MeV/u) keV/pm pm pm

'H (5) 7.9 362 2

2¢ (30) 68 2950 50.8

12¢ (300) 13 1.7 x 10° 2701

5Fe (1000) 150 2.7x10° 1.7 x 10*
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Direct Damage to Dendrites and Spines

In vivo studies of neuron morphology at early time-
points (minutes to hours post-irradiation) have not
been reported with most studies using time-points sev-
eral weeks to months after irradiation. In vitro studies
of neurite outgrowth assays using neuronal cell cul-
tures suggest rapid changes within hours after low to
intermediate doses of X-ray, carbon beam or neutron
radiation®"* 2. These in vitro studies showing rapid
degradation are consistent with UV-laser studies®”
where neurites were severed in Drosophila neurons
demonstrating rapid clearance of damaged segments
within 24-h. Severing of dendrites with femtosecond
lasers in neurons of Caenorhabditis elegans showed
rapid fusion of ends or severing of the distal end of
the neurons®®. Cisplatin has been shown to cause
early morphological changes (<1-d) in rat hippocam-
pal neuron cell cultures®”. Cisplatin induces a wide
range of ROS, leading to DNA adducts and a
mitochondria-dependent ROS response.

Several studies suggest molecular programs for
dealing with neurite ing'ury are distinct from that of
developmental pruning®® *”. In Drosophila®®, there
are two widely known cellular mechanisms of den-
dritic pruning that have been observed: branch retrac-
tion and local degeneration or fragmentation. The
latter is observed to be the mechanism in proximal
dendrites while the former occurred in distal branches
and in proximal dendrites after fragmentation. Both
mechanisms involve destabilization of microtubule
cytoskeleton after the severing event, followed by
microtubule thinning and then }ghagocyte aided frag-
mentation and/or retraction®* ¥

These observations of early changes suggest that
ionization and excitation of molecules within dendrites
and spines as important damage sites, with the high-
ED events from the track core of heavy ions possibly
leading to more severe effects at low to moderate doses
compared to X-rays or y-rays because overlapping
electron tracks will be rare for photon irradiation in
small volumes (<20nm) typical of proteins for
absorbed doses below 100 Gy, but quite common for
the track core in heavy ion irradiation at any absorbed
dose. In modeling studies of neuron degradation'® 1),
we assumed that radiation-induced changes in neur-
onal morphology are caused by ‘snipping’ via dendritic
fragmentation. Damaged ends may repair or lead to a
snipped site at a ED location as suggested by the laser
induced damage experiments®> .

Activated Microglial Cells

Activated microglial cells are a key component of neu-
roinflammation. Radiation studies have shown that the
activation of microglia is dose dependent with a delayed
response increasing over several weeks, while being
sustained for several months post-irradiation® 7%,
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A variety of insults can lead to activation including
ROS, cells undergoing apoptosis, and damaged den-
drites. Activated microglia cells interact with damaged
neuron cells and remove synapses leading to their
description as synaptic strippers®” and have been
suggested to eliminate entire dendritic trees in damaged
neurons“?”. Because microglia cells can become over
activated®” releasing cytotoxic factors such as super-
oxide, nitric oxide (NO) and TNFa«, a damage cascade
may occur leading to a neurodegenerative state.

Mitochondria

Mitochondria play an important role in providing
energy to neuron cells including pre-synaptic spines,
and function in buffering calcium as part of electrical
signaling®". Mitochondrion are collocated with
about 10% of spines/synapses“?. Other roles“" for
mitochondria include local protein synthesis which
is important for the plasticity of spines and synap-
ses, pruning of dendrites and spines, and for synap-
tic transmission. Mitochondria are typically 1-2 pm
in length and represent a similar size target as indi-
vidual spines for a charged-particle track.

Early Response Genes

Early response genes such as ¢-fos and zif268 are asso-
ciated with memory maintenance, while activity-
regulated cytoskeleton (Arc) is an activity induced
gene that correlates temporally and spatially with
the stimulus that induced its transcription. Arc mRNA
is localized to dendrites and activated synapses. Arc
increases spine density and regulates spine morphology
by increasing the proportion of thin spines?. Studies
in C57Bl/6 T mice irradiated with X-rays®? or heavy
ions“? suggests Arc protein is decreased in hippocam-
pal neurons by 10-d post-irradiation and both Arc
protein and mRNA are decreased several months
post-irradiation with these changes modified by the
behavioral activity of animals. /n vivo studies show a
correlation between neuroinflammation, Arc dysregu-
lation and changes in hippocampus-dependent mem-
ory functions“®. Both increased and decreased Arc
impairs the synaptic plasticity required for memory
formation and optimal Arc levels are necessary for
proper memory processes. These changes are corre-
lated with increased activation of microglia®”.

Non-targeted Effects and Morphology Detriments

A wide variety of cognitive challenges have been
show to lead to detriments in neuron morphology.
Because radiation induces chronic ROS and inflam-
matory responses, observations of morphological
changes for other insults such as chronic stress,
fatigue, and sleep deprivation, suggests an indirect
pathway of radiation action through signaling and
changes to neuro-transmitters or receptors could
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impact cognition leading to morphology detriments.
Aging and diseases such as Alzheimer’s disease and
other dementia are also related to morphology detri-
ments. Because aging can compromise morphology,
radiation effects on cognition could be more signifi-
cant at older ages, which is in contrast to cancer
risks which decrease with age at exposure. An excep-
tion is likely for children and adolescents where
active pruning occurs.

In rats chronic immobilization stress-induced den-
dritic atrophy and debranching in CA3 pyramidal neu-
rons of the hippocampus, while chronic unpredictable
stress had little effects, and differential effects were
observed in amygdala neurons®”. In other studies, the
hippocampal CA3 apical dendritic retraction initially
occurs, while for a sufficiently long stress CAl and
dentate gyrus neurons also show retraction®®. It is
possible that radiation leaves a signature of distinct
changes to neuron types and anatomical regions com-
pared to other stressors, however only a small number
of neuron types have been considered to date, with
additional difference in animal, time-Points, particles
and doses used in various studies®® 4.

SUMMARY

Possible targets for energy deposition from heavy ions
in degrading neuron morphology include direct dam-
age to spines and dendrites, with qualitatively distinct
effects between heavy ions and photons a possibility
due to the ions track core and for stopping particles
near the Bragg peak where all energy is deposited
locally in a neuron. ROS plays an important role in
neuronal damage, including in activating microglia
cells, mitochondria modifications, changes in signal-
ing and possible effects on neuro-transmitters and
receptors. However, little is known with respect to
radiation quality effects related to ROS and neuron
morphology changes. Differences in ROS between
water and the proteins of spines and dendrites will
occur. Interactions between neurons and other cells in
the tissue microenvironment need to be considered,
but discussion of these areas is outside the scope of
the present paper. Experimental studies comparing
photons to heavy ions under the same conditions,
rodent models and anatomical regions are needed
and have not been undertaken in the past.
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