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Abstract

The space environment exposes astronauts to risks of acute and chronic exposure to ionizing
radiation. Of particular concern is possible exposure to ionizing radiation from a solar particle
event (SPE). During an SPE, magnetic disturbances in specific regions of the Sun result in the
release of intense bursts of ionizing radiation, primarily consisting of protons that have a highly
variable energy spectrum. Thus, SPE events can lead to significant total body radiation exposures
to astronauts in space vehicles and especially while performing extravehicular activities.
Simulated energy profiles suggest that SPE radiation exposures are likely to be highest in the skin.
In the current report, we have used our established miniature pig model system to evaluate the skin
toxicity of simulated SPE radiation exposures that closely resemble the energy and fluence profile
of the September, 1989 SPE using either conventional radiation (electrons) or proton simulated
SPE radiation. Exposure of animals to electron or proton radiation led to dose-dependent increases
in epidermal pigmentation, the presence of necrotic keratinocytes at the dermal-epidermal
boundary and pigment incontinence, manifested by the presence of melanophages in the dermis
upon histological examination. We also observed epidermal hyperplasia and a reduction in
vascular density at 30 days following exposure to electron or proton simulated SPE radiation.
These results suggest that the doses of electron or proton simulated SPE radiation results in
significant skin toxicity that is quantitatively and qualitatively similar. Radiation-induced skin
damage is often one of the first clinical signs of both acute and non-acute radiation injury where
infection may occur, if not treated. In this report, histopathology analyses of acute radiation-
induced skin injury are discussed.
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Introduction

NASA is planning exploration class missions that are expected to involve space travel over
periods of months to years. The space radiation environment exposes astronauts to risks of
acute and chronic exposure to ionizing radiation. Of particular concern is exposure to
ionizing radiation in a solar particle event (SPE). In an SPE, magnetic disturbances in
specific regions of the Sun result in the release of intense bursts of ionizing radiation,
primarily consisting of protons that have a highly variable energy spectrum [1-5]. Especially
during space travel missions outside of the protection afforded by the Earth's
magnetosphere, the risks of radiation dose absorbed from SPE exposure are a serious
concern for astronauts spending extended time in the space environment. It is estimated that
during an SPE event, astronauts conducting extravehicular activities (EVAS) could receive
radiation doses to the skin which are 10fold higher than doses to internal organs [6]. Based
on SPE events taking place in 1972 and 1989, skin doses to astronauts conducting EVAs
were predicted to range from 7-32 Gy [2]. Additionally, SPEs are difficult to forecast in
advance. This makes the goal of accurately predicting the biological effects for SPE exposed
astronauts even more critical so that potential adverse events can be anticipated and
strategies for their mitigation can be developed.

lonizing radiation has well documented effects on skin. Much of our current understanding
of radiation-induced skin damage has been gleaned from animal experiments using beta
radiation and x-rays and in humans, from patients receiving radiation therapy and
fluoroscopically guided interventional procedures [7, 8]. In addition, a body of literature is
limited, but available on normal tissue responses, specifically, radiation-induced skin injury
after accidental radiation exposure. Adverse skin reactions can manifest a range of toxicities
from inflammatory damage, as evidenced by erythema, hyperpigmentation, edema/hyper-
proliferation, moist desquamation (skin thins and begins to weep), epilation (hair loss),
dermal atrophy, and necrosis that may require surgical intervention. The time course and
recovery from radiation damage to skin depends on the total dose and dose rate or
fractionation schedule. Areas of skin that have apparently healed following acute damage
can subsequently develop severe late effects including necrosis, dermal atrophy and other
problems that largely relate to deterioration or collapse of the skin vasculature. In addition,
sufficiently severe acute effects may never completely heal, with the potential consequence
of leading to sub-acute damage and consequential late effects, including morbidity [9, 10].

Structurally, pig skin is very similar to human skin [8]. The skin is organized into 3 primary
layers: epidermis, dermis and hypodermis [11, 12]. The epidermal layer is further
subdivided into five layers or stratum: basale (basal, lowest), spinosum (spinous or prickle
cell), granulosum (granular), lucidum (clear) and outermost corneum (horney). The relative
thickness of the stratum corneum varies depending upon the anatomical location from which
the skin was derived. The dermis, which sits below the epidermis, is comprised of two
layers: a superficial papillary dermis and a thicker, reticular dermis. Directly below the
dermis resides the hypodermis, which is primarily composed of subcutaneous fat. Pigs are
frequently used as a model system in dermatological research as their skin responds to
radiation exposure in a similar manner to that observed in humans. The pig model has been
used previously to determine the response of skin to beta particles, neutrons, x-rays and
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heavy ions [13-17]. However, there is very limited information available regarding the acute
effects resulting from total body exposure to simulated SPE radiation. Previously it has been
demonstrated that electron simulated SPEs can be used as a form of standard reference
radiation for these studies [18] and evaluated the toxicity of a relatively superficial electron
simulated SPE in a porcine model [15]. In the current report, an extension of the previous
studies was conducted by evaluating the acute skin response of Yucatan miniature (mini-)
pigs following total body exposure to either electron or proton radiation that specifically
mimics the September 1989 SPE. Proton or electron radiation was utilized matching the
fluence/energy profiles expected during historically recorded SPEs. Because the
macroscopic depth dose distributions for eSPE and pSPE are matched closely, the acute
effects from exposure to these two different types of radiation could be directly compared in
these studies. Skin samples taken from animals before and after radiation exposure were
analyzed over a 30 day time frame, as this is the approximate turnover time for skin [19, 20].

One aim of this study was to determine the relative biological effectiveness (RBE) values
for acute effects produced by proton simulated SPE radiation exposure compared to those
effects produced by electron simulated SPE radiation (used as the standard, reference
radiation). Here we describe histological findings in mini-pigs exposed to electron or proton
simulated SPE total body irradiation, referred to as eSPE or pSPE, respectively, from this
point forward.

Materials and Methods

Animals

Irradiation

Yucatan mini-pigs were obtained from Sinclair BioResources (Columbia, MO). The pigs
ranged from 8-14 weeks old. Pigs were fed standard mini-pig chow two times daily and
water ad libitum, and maintained on a standard 12 hr light/dark cycle. Animals were given
daily enrichment activities and randomly placed in treatment groups of 3 animals per group
(8 groups total). All animals and procedures carried out in this study were conducted under
protocols approved by the University of Pennsylvania and Loma Linda University Medical
Center (LLUMC) Institutional Animal Care and Use Committees.

All radiation exposures were given as total body irradiation (TBI). The types and doses of
radiation used were designed to mimic SPE conditions and to represent the radiation
environment which astronauts would realistically be exposed to in space [2, 6, 18].

For the eSPE radiation exposures procedures, non-anesthetized animals (8-14 weeks of age)
were placed in rectangular plexiglass cages [75 cm (L) x 32.5 cm (H) x 30 cm (D); 0.5 cm
thick wall]. The animals were irradiated with a mixture of energies (6 + 12 MeV) consisting
of 80% 6 MeV electrons, relative to dmay = 11 mm and 20% 12 MeV electrons, relative to
dmax = 26 mm, at total body doses of 5 Gy (1.7 Gy/hr), 7.5 Gy (2.5 Gy/hr), and 10 Gy (3.3
Gy/hr) [18]. The dose rate was not constant amongst the different dose exposures. ESPE
irradiation was produced by a Clinac iX linear accelerator (LINAC; Varian Medical
Systems) located in the Perelman Center for Advanced Medicine, University of
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Pennsylvania, at a source-to-skin distance of 5 m (see Table 1). The cages were rotated 180°
every 25% dose and surface patient dosimetry verification devices (OneDose, Sicel
Technologies, Morrisville, NC) were used to confirm the skin doses received. Animals were
irradiated or sham-irradiated over a 3 hour exposure period.

A separate cohort of animals was exposed to pSPE radiation. For these experiments, a
custom designed double scattering system was developed to allow delivery of a 50 cm
diameter radiation field with a radiation flatness (dose uniformity) <3.5% or better. This
system was installed on the research beamline at LLUMC and was tuned to deliver a dose of
approximately 5 Gy/hr. A clinical modulator wheel was used to create a fully modulated 155
MeV/n proton beam, while radiation dose was prescribed at a depth of 1.1 cm in water along
the central beam axis. A 2 stage bolus at the level of the animal chamber and beam
weighting allowed for generation of a custom depth dose profile to match the combined 6 +
12 MeV electron beam, which itself was developed to mimic the dose profile of SPE protons
(Fig. 1). This setup delivered a maximum proton range of 5.0 cm (approximately 80 MeV)
at the entrance of the animal cage and a distribution of proton energies below 80 MeV (due
to beam modulation), which is reflective of the space environment where the maximum
proton energy is accompanied by a significant number of lower energy protons. The dose at
the prescription point was calibrated using an Exradin T1 ionization chamber. Animals
received total doses to the skin of 5.0, 7.7 or 10.0 Gy at a constant dose rate with the animal
cage rotated at 50% dose delivery per side and dose delivery was verified with
thermoluminescent dosimeters that were attached to the animals. A complete description of
the proton radiation and dosimetry procedures are described previously [21]. The dose
profiles for 6 + 12 MeV electrons and SPE-like protons were modeled using a Monte Carlo
simulation (Fig. 1).

Coronal slices from computed tomography (CT) images of mini-pigs were overlaid with a
dose heat map generated by Monte Carlo simulation software [22]. The dose deposition
profile is consistent between the eSPE and pSPE dosimetry profiles with ~100% of the dose
deposited within 20mm from the surface of the skin.

Skin Analyses

All animals were observed daily following the radiation (or sham-irradiation) exposures.
Irradiated animals consistently experienced increased skin pigmentation, analogous to a
tanning response. To quantify this response, skin pigmentation in animals was scored daily
for 30 days using color-coded cards, and the pigs were given a pigmentation score from
lightest (1, white) to darkest (8, black) as previously described [15]. Three consistent
(amongst each animal) sections were scored against the color-coded cards and the scores
were averaged. Next, average scores from each animal were combined to calculate the
average score from the 3 animals per radiation dose group at each time point.

Two skin punch biopsy (3-4 mm) samples were obtained from anesthetized animals prior to
irradiation (Pre) and 7, 14, and 30 days post-irradiation (7d, 14d, 30d, respectively) and
immediately placed in buffered formalin for fixation. The time frame chosen was based on
the fact that skin turnover is approximately 30 days in humans and 14 days in rodents [19].
One fixed biopsy sample obtained from the equivalent areas amongst all animals was
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embedded in paraffin for histological analysis. Tissue embedding, sectioning and staining
was performed by the Histology Core A in the Department of Dermatology, Perelman
School of Medicine. Paraffin sections were stained with Hematoxylin/Eosin (HE) or
Fontana-Masson, for visualization of melanin.

Stained sections from all animals were evaluated by a board certified dermatopathologist
(Dr. John Seykora), for assessment of pathological changes over the designated time course.
The criteria used for assessing radiation-induced skin changes included the degree of
epidermal pigmentation and pigment incontinence (as indicated by the presence of
melanophages in the dermis), the presence of necrotic keratinocytes, the degree of epidermal
cell proliferation and changes in the stratum corneum (parakeratosis). Melanophages were
manually counted and presented as the number of melanophages/100 pm2.

The melanin content in histological sections was quantified using optical imaging software,
similar to previously described [23]. Briefly, photomicrographs of Fontana Masson stained
sections (at 40x) were imported into GIMP- GNU Image Manipulation Program (Link:
www.gimp.org). Using GIMP, positively stained melanin granules were demarcated and the
resulting image was subsequently imported into ImageJ software (rsbweb.nih.gov/ij). The
number of pixels in the demarcated melanin-containing areas was summed and corrected for
the width of each section to provide an estimate of the amount of melanin. This technique is
described in detail by Billings et al. [24].

Immunohistochemistry (K167 and Histone H2AX staining)

Tissue sections were heated at 68°C for 45 min, deparaffinized in xylene and rehydrated.
For staining with the K167 (antigen strictly associated with proliferation) antibody (Abcam,
Cambridge, MA), antigen retrieval was performed by placing slides in 0.01M sodium citrate
buffer (pH 6.0) and gently heating the slides in buffer for 10 minutes. Slides were developed
with DAB following the vendor's protocol (3,3’-Diaminobenzidine, EXPOSE mouse and
rabbit specific HRP/DAB detection IHC immunohistochemistry kit; Abcam). The sections
were blocked with Abcam Protein Block for 30minutes and rinsed twice in TBS, then
stained with Ki67 antibody (Abcam ab16667) diluted 1:250 in TBSt/BSA (TBS, 0.1%
Tween 20, 1% BSA) and incubated overnight at 4° in a humidified chamber to prevent
drying. Sections were washed, exposed to a secondary antibody (anti-rabit-HRP) for 1 hour
at room temperature, washed, incubated with DAB solution for 10 minutes at room
temperature, counterstained with Ehrlich's Hematoxylin, dehydrated in successive increasing
concentrations of ethanol, starting with two water rinses and ending in two xylene rinses,
and mounted with Vectamount and allowed to dry.

Staining for phosphorylated Histone H2AX (y-H2AX) followed a similar procedure as
above, except sections were blocked in PBTG (1M glycine, 1% BSA, and 0.1% Triton x in
PBS) for 45 minutes at room temperature and then rinsed briefly in PBS. The sections were
incubated with anti-phospho-Histone H2AX (Millipore 05-636) diluted 1:500 in PBTG for 1
hour at 37°C. After several washes, sections were incubated with Alexa Fluor 488 goat anti-
Mouse secondary antibody (Life Technologies A11029) diluted 1:600 in PBTG for
35minutes at 37°, washed, and mounted with VectaShield mounting media with DAPI.
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Image Analysis (KI67 and y-H2AX staining)

Results

v-H2AX stained slides were captured on a Nikon Eclipse TE2000-U fluorescence
microscope (Nikon, Tokyo, Japan) using a 15x objective lens. Image Pro Plus 7.0 software
(Media Cybernetics, Rockville, MD, USA) was used to analyze multiple digital images. that
were manually analyzed for the presence of y-H2AX foci/nucleus. The results are shown as
the percent of y-H2AX positively-stained nuclei.

K167 stained slides were digitally scanned using the 20x objective using a Scanscope OS
slide scanner (Leica Biosystems Imaging, Inc. Vista, CA). The total number of cells and the
number of Ki67 positively stained cells were recorded using Aperio ImageScope software
(Leica Biosystems, Wetzlar, Germany). Results are shown as the percent of positively
stained cells per frame.

The baseline skin color of normal Yucatan mini-pigs used in these studies was whitish-grey.
We previously established a skin scoring system for grading radiation-induced
hyperpigmentation in mini-pigs using a graded scale from 1 (lightest) to 8 (darkest) [15] and
applied this system for the present analysis. Skin hyperpigmentation or the “tanning
response” was evident as early as 7 days post-irradiation (either eSPE or pSPE exposure)
and persisted throughout the 30 day experimental time period. Animals exposed to eSPE
radiation exhibited a radiation dose-dependent pigmentation response (Fig. 2). The pSPE
radiation resulted in similar skin color changes when comparing the animals exposed to the
5 Gy and 7.7 Gy doses, with the largest increase in pigmentation after the 10 Gy dose
exposure.

Changes in skin biopsy samples were evaluated on days 7, 14 and 30 following exposure to
eSPE or pSPE radiation. HE stained skin biopsy sections from animals exposed to either 10
Gy eSPE or pSPE radiation at 14 and 30 days post-irradiation (as well as the corresponding
pre-irradiation baseline section) are shown in Figure 3. By 14 days post-radiation exposure,
increased pigmentation in the basal layer was observed with increased melanin deposition
extended into the stratum granulosum, evidenced by the brown pigment in the HE stained
sections (Fig. 3B, 3E), supporting the gross observation of skin hyperpigmentation. The
presence of necrotic keratinocytes were observed at the dermal-epidermal junction in biopsy
samples taken at the 7d and 14d time points (black arrows, Fig. 3B & 3E, 7d images not
shown), compared to the pre-irradiation samples in both the eSPE and pSPE treated animals.
Random parakeratin was present in the stratum corneum (outermost layer) in most animals
exposed to the eSPE radiation. Also evident were random shrunken (pyknotic) residual
nuclei (rectangular box, Fig. 3C) in the keratin layer of some of the eSPE samples. The
presence of the parakeratin was not consistently present in the pSPE-exposed animals.

Skin hyperpigmentation was supported by the increased melanin deposition, confirmed in
Fontana Masson stained sections (Fig. 4), compared to the sections collected at the pre-
irradiation time point (Pre, Fig. 4A, 4D). Fontana Masson stained slides were used to
quantify the levels of increased pigmentation in the 5 Gy and 10 Gy dose groups, resulting
in statistically significant increases in melanin staining at the 14 day time point (Fig. 5).
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Scattered melanophages, indicative of pigment incontinence (abnormal transfer of melanin
from epidermal cells to the dermis), were present and remained localized around superficial
dermal vessels (representative images after the 10 Gy dose exposures to eSPE or pSPE
radiation shown in Figures 6B, 6C) at 30 days following eSPE or pSPE radiation exposure.
ESPE and pSPE radiation induced a significant increase in the number of melanophages
present, compared to pre-irradiated sections (Fig. 6D).

The radiation-induced increase in dermal melanophages to calculate the relative biological
effectiveness (RBE) values for pSPE radiation. The number of dermal melanophages
increased exponentially with increasing radiation dose in animals irradiated with eSPE or
pSPE. RBE values for eSPE or pSPE inducing increased melanophage numbers were
determined and exhibited a downward trend with increasing proton dose (Fig. 6). The lower
limit of the 95% confidence interval of the RBE at a proton dose of 5 Gy was above 1.0,
indicating the pSPE was significantly more effective in increasing the melanophage number,
compared with the eSPE radiation. The 95% confidence intervals for RBE determinations
include 1.0 at 7.7 and 10 Gy (Table 2), indicating that pSPE radiation exposure was not
significantly different from eSPE radiation exposure (i.e., the RBE was not significantly
different than 1.0) at increasing melanophage numbers in this dose range.

It is widely accepted that ultraviolet rays induce DNA damage in the skin. lonizing radiation
effects on skin injury are limited to in vitro and small animal model systems. Recently,
Ahmed et al. reported DNA damage in mini-pigs exposed to localized gamma radiation,
using large doses of =50 Gy [17]. DNA damage/repair was detected in the skin of irradiated
pigs on day 7 post-irradiation by phosphorylated y-H2AX staining. A statistically significant
increase in the percentage of nuclei positively stained for y-H2AX was observed in both the
eSPE and pSPE irradiated animals, compared to the pre-irradiation control values (Fig. 8).

Increased expression of the proliferation marker, KI67 was observed by day 14 post-
radiation. Staining was performed in the pSPE-exposed animals at either the 5 Gy or 10 Gy
dose. K167 expression was increased in a statistically significant manner (Fig. 9), compared
to the K167 staining in the pre-irradiated skin biopsies.

Discussion

In this report, the acute dermatopathology effects (up to 30 days post-irradiation) of pSPE
and eSPE radiation on pig skin were investigated. Histopathological analyses of skin
biopsies reveal increased melanin deposition, increased proliferation of the epidermis
(increased expression of the proliferation marker K167), parakeratosis, and an increased
presence of melanophages within 30 days of ionizing radiation exposure. The present
findings suggest that ionizing radiation induces an inflammatory response in the skin after
total body irradiation. Further, DNA damage/repair is observed as late as 7 days post-
irradiation in both the proton and electron-exposed animals, which may be a useful
biomarker in the skin of exposed individuals.

At the gross level, animals exposed to eSPE or pSPE radiation experienced a
hyperpigmentation response, which was clearly observed by day 7 following radiation
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exposure. Results from histopathologic analysis confirmed increased pigmentation in the
stratum basal level of the epidermis by day 7 post-radiation, which extended into the stratum
spinosum by day 14 post-radiation, when the level of hyperpigmentation was most intense.
By day 30, pigmentation extended throughout the epidermis (not just the basal layer) and
into the stratum corneum. Melanin staining was highest at day 14 post-irradiation, with weak
staining by day 30 post-irradiation. Additionally, by day 30, the melanin is also ingested by
melanophages, as the number of melanophages present increased with dose (of either pSPE
or eSPE radiation). The increase in melanophage number is consistent with pigment
incontinence and often noted in inflammatory diseases, including melasma and post-
inflammatory hyperpigmentation, suggesting that the induction of melanophage recruitment
observed here is associated with radiation-induced responses of the cutaneous immune
system. The calculated RBE values for melanophage number was > 1.0 at a proton dose of 5
Gy, but approached 1.0 at the higher doses. In summary, electron and proton radiation
exposure both increase epidermal pigmentation and pigment incontinence in an acute
manner as evidenced by changes in radiation-induced melanin trafficking. The important
question of whether melanin production protects against radiation-induced DNA damage is
debateable [25, 26].

Skin pigmentation is a complex process involving over 150 genes [11, 12, 27] and much of
our current understanding of pigmentation has been gleaned from studies examining the
effects of ultraviolet (UV) radiation on skin [27-30]. At this time, it is not known whether
similar mechanisms are involved with ionizing radiation-induced pigmentation. DNA
damage in skin cells is believed to play an important role in the pigmentation response [11,
12]. DNA damage is observed in the skin of both the eSPE and pSPE irradiated animals as
late as 7 days post-radiation, in response to moderate doses of radiation, indicated by H2AX
phosphorylation. Our histopathologic findings are compatible with post-inflammatory
hyperpigmentation, which is characterized by increased melanin production observed in
response to a variety of skin damaging agents [29, 30], followed by a hyperproliferative
response. In addition, the results reported here are also consistent with the delayed tanning
response induced specifically by UV-B radiation exposure, as opposed to the UV-A induced
immediate tanning response described by Costin and Hearing [11], which resolves
approximately 3 to 24 hours after UV-A exposure. If indeed the hyperpigmentation response
of electron or proton ionizing radiation exposure is similar to that of UV-B radiation
exposure, it is possible that the molecular mechanism(s) of UV-B induced DNA damage in
the skin is also consistent, potentially resulting in various skin cancers.

Parakeratin (in the stratum corneum) was consistently observed in eSPE-exposed animals,
but it was only present in some of the pSPE-exposed animals. Parakeratosis, or the presence
of flattened keratinocyte nuclei within the stratum corneum, is often observed in
inflammatory skin diseases such as eczema or psoriasis or in tumorous diseases. Mild
epidermal hyperplasia/thickening was also observed as increased KI67 staining was present
following radiation exposure, confirming that eSPE and pSPE exposure induces a
hyperproliferative response in skin. Abnormal epidermal thickening is common in a variety
of inflammatory conditions [31]. The histopathology described here is indicative of an
inflammatory state consistent with a recent report on SPE-like radiation-induced
inflammation and subsequent altered skin immune function in mini-pigs and mice [32].
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Earlier studies by Hopewell [8], Lippincott et. al. [13], van den Aardweg et. al. [14],
Zacharias et. al. [16] and more recently Ahmed et al. [17] exposed localized areas of skin to
high doses of radiation. The current study used whole body radiation exposure which
involved skin doses considerably lower than those utilized in the earlier work cited above. If
the high doses utilized in the previous skin studies were given as whole body doses, the
radiation doses would have been lethal to the animals. The skin doses used in these studies
were designed to be considerably larger than the internal organ doses resulting from whole
body irradiations, as expected for SPE radiation exposure [18].

The skin doses evaluated in this study are lower than some of those estimated for astronauts,
who could have been exposed to SPE radiation during major SPEs in the past. The total skin
doses estimated for astronauts during EVVAs, as predicted from modeling two different
historical SPEs, are 32.15 Gy (for the August 1972 SPE) and 25.99 Gy (for the October
1989 SPE [2]). Astronauts will receive SPE radiation as a whole body dose (as opposed to
the relatively small areas of the body exposed to radiation during interventional radiology
procedures). Further, astronauts will be exposed daily to higher doses of other types of space
radiations (e.g. galactic cosmic rays) which are not encountered on Earth. Additionally,
astronauts may be exposed to multiple SPE doses of radiation, which is anticipated to incur
a higher degree of skin injury than what is reported here.

This is the first study examining the response of pig skin following acute total body
exposure to simulated proton SPE radiation. The changes associated with radiation-induced
hyperpigmentation and skin thickening, in response to SPE radiation, are similar to those
described for UV-B radiation exposure that ultimately can lead to skin cancer, but further
molecular characterization is warranted. Taken together, the acute effects of ionizing
radiation to the skin described here may trigger events of a larger inflammatory response,
which may be of particular concern after multiple exposures during fractionated
radiotherapy schedules or during deep space missions.
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Figure 1. Dose profile of eSPE and pSPE Radiation
Top: Dose profile of the top horizontal edge of the CT-dose image (bottom panel). The dose

distribution in the skin is delineated by 5 mm thick bands. Bottom: Coronal slice from a CT
image of a Yucatan mini pig. The image has been cropped to the animal's rump region.
Overlaid on the CT image is a dose heat map generated by Monte Carlo simulation of the
radiation beam used in this work. Left: 6 + 12 MeV eSPE radiation;, Right: pSPE radiation.
The dose is normalized to 100% at the depth of maximum dose.
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Figure 2. Radiation-Induced Hyperpigmentation
Grading of pigmentation as a function of time following radiation exposure. Animals were

irradiated with eSPE or pSPE radiation and skin color was monitored using a graded scale
(from 1-8) corresponding to different degrees of pigmentation. The average score was taken
from 3 consistent areas on each pig per dose group (n=3) as shown by the mean score +/-
SEM.

Life Sci Space Res (Amst). Author manuscript; available in PMC 2016 July 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sanzari et al.

Page 14

Figure 3. HE Stained Sections of Pig Skin
Skin biopsy samples were obtained pre-irradiation (Pre), 14 (14d) and 30 days (30d)

following treatment with either 10 Gy eSPE (left, A-C) or 10 Gy pSPE (right, D-F).
Increased deposition of melanin in the epidermis is observed following radiation exposure.
To note: black arrows indicate necrotic keratinocytes;rectangular box in C. indicates a
random shrunken (pyknotic) residual nuclei; white arrow in E. indicates a
melanophage;solid bar, 100 pm.
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Figure 4. Fontana Masson Stained Melanin
Skin biopsy samples were obtained pre-irradiation (Pre) and at 7 (7d), 14 (14d) and 30 (30d)

days post-irradiation with 10 Gy eSPE (upper) or 7.7 Gy pSPE (lower). Melanin deposition
is shown with Fontana Masson staining (positive staining appears brownish-black).
Increased melanin deposition is observed following radiation exposure, which is particularly
prominent at 7 and 14 days post-irradiation in the basal epidermis.
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Figure 5. Melanin Quantitation
Melanin present in the epidermis was quantified in the Fontana Masson stained skin biopsy

sections at the 14 day post-irradiation time point. Results are presented as Pigmentation
Index, which is defined as the number of brown-black pixels present per field. Note the
radiation dose-dependent increase in pigment Index. Data are presented as the mean + SD.
The pigmentation score is increased in the irradiated biopsy samples vs. the non-irradiated
biopsy samples taken prior to radiation exposure, statistical significance by the Student's t
test is indicated by *, p < 0.05, compared to the 0 Gy (control) average.
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Figure 6. Presence of Melanophages
Skin samples were taken pre-irradiation (Pre, A) or at 30 days post-irradiation with either 10

Gy of eSPE (B) or 10 Gy of SPE radiation (C). Note the presence of melanophages (black
arrows) in the dermis of irradiated animals. Data are presented in histogram form (D) as the
number of melanophages present per unit dermal area (mean + SD). Statistical significance
by the Student's t test is indicated by *, p< 0.0001.
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Figure 7. Relative Biological Effectiveness (RBE) of melanophage presence following irradiation
The RBE dose response relationship for melanophage number in animals irradiated with

SPE-like protons was determined. RBE values were calculated using RBE = Dgjectron/

Dproton-
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Figure 8. Radiation-induced DNA damage
The presence of y-H2AX phosphorylation in the nuclei of skin cells was counted 7 days

after either eSPE (A) or pSPE (B) exposure and compared to the average pre-irradiation
(Pre) positively-stained nuclei. Data are presented as the mean + SD and statistical
significance by the Student's t test is indicated by *, p < 0.05 or **, p < 0.01.
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Figure 9. Assessment of epidermal proliferation
Sections from animals exposed to pSPE radiation were stained with anti-K167, a marker of

cell proliferation. Increased expression is observed 14 days after radiation exposure,
compared to the average pre-irradiation samples (Pre). Statistical significance by the
Student's t test is indicated by *, p < 0.05 or *** p < 0.001.
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Table 1

Animal Irradiation Conditions?

Total Dose  Ragiationl Dose Rate (Gy/hr)

Sham None
5 Gy eSPE
7.5Gy eSPE
10 Gy eSPE
5 Gy pSPE
7.7 Gy pSPE
10 Gy pSPE

0
17
25
3.3
5
5
5

1Animals received total body irradiation (TBI) and were irradiated with electron (e) or proton (p) simulated SPE radiation.
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RBE for pSPE using the melanophage number as the biological endpoint.

Table 2

RBE
Dose of pSPE (Gy) 95% confidence interval
Fitted value
Lower limit | Upper limit
5 14 1.2 16
7.7 0.9 0.7 1.0
10 0.9 0.7 11
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