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Abstract

Purpose: Studies are required to determine whether exposures to radiation encountered during 

manned missions in deep space may have adverse effects on the cardiovascular system. Most of 

the prior studies on effects of simulated space radiation on the heart and vasculature have been 

performed in mouse models. To provide data from a second animal species, two studies were 

performed to assess effects of high-energy charged particle radiation on the heart and abdominal 

aorta in a rat model.

Materials and methods: In study A, male Long Evans rats were exposed to whole-body 

protons (250 MeV, 0.5 Gy) or oxygen ions (16O, 600 MeV/n, 0.5 Gy), and ultrasonography was 

used to measure in vivo cardiac function and blood flow parameters at 3, 5, 9 and 12 months after 

radiation, followed by tissue collection at 12 months. In study B, male Long Evans rats were 
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exposed to 16O (1 GeV/n, 0.01–0.25 Gy), and hearts collected at 6 to 7 and 12 months for 

histology and western-blots.

Results: Both protons (250 MeV) and 16O (600 MeV/n) caused a decrease in left ventricular 

posterior wall thickness at 3–5 months, but did not change echocardiographic measures of cardiac 

function. In Pulsed-wave Doppler assessment of the abdominal aorta, an increase was seen in 

mean velocity, peak velocity, and velocity time integral at 12 months after 16O (600 MeV/n), 

suggesting a change in vascular function. There were no significant changes in histopathology or 

histological quantification of total collagens in heart or aorta. On the other hand, an increase was 

seen in a 75 kDa peptide of collagen type III in the left ventricle of rats exposed to protons (250 

MeV) and 16O (600 MeV/n and 1 GeV/n), suggesting that radiation caused remodeling of existing 

collagens in the heart. 16O (600 MeV/n and 1 GeV/n) caused increases in left ventricular protein 

levels of immune cell markers CD2, CD4, CD8, and CD68.

Conclusion: A single low dose of whole body protons or 16O in male Long Evans rats did not 

change cardiac function or induce gross pathological changes in the heart or aorta, but induced 

mild changes in vascular function and remodeling of existing collagens in the heart. Altogether, 

studies in prior mouse models and the current work in rats indicate minor changes in cardiac 

function and structure after a low dose of single-ion radiation.
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1. Introduction

For many years, studies have identified an increased rate of cardiovascular disease in human 

populations several decades after exposure to low doses of low-linear energy transfer (LET) 

radiation (1–5). Astronauts traveling beyond low Earth orbit such as on missions to Mars, a 

near-earth asteroid, or prolonged stays on the Moon, will be exposed to low doses of high-

LET cosmic radiation (6). A full mission to Mars with return to Earth is expected to lead to 

exposures to cosmic radiation at total doses up to about 400 mGy (7,8).

Studies have begun to assess the potential cardiovascular effects of low-dose high-LET 

radiation exposures. Most of these studies have been performed in mouse models, providing 

evidence for changes in cardiac function and structure (9,10), increased cardiac expression 

of protein markers of immune cells (10,11) and cytokines (12), and changes in gene 

networks in cardiomyocytes (13,14) after both protons and heavy ions.

Since preclinical research performed in multiple animal species may enhance the 

translatability of the results to human subjects, we may investigate effects of simulated space 

radiation in animal species other than mouse. Some prior studies have been performed in rat 

models. Exposure to iron ions (56Fe (1 GeV/n)) at doses of 0.5 and 1 Gy were shown to 

cause endothelial dysfunction and increase aortic stiffness in male Wistar rats (15). 

However, other cardiovascular effects of high-energy charged particles in rat models have 

not yet been explored as extensively as in the mouse.
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Our main goal was to characterize cardiovascular function and structure in a rat model of 

exposure to low-dose high-LET radiation, relative to sham-irradiation, to strengthen prior 

findings from mouse models. For this purpose, we selected male rats of the Long Evans 

strain, an outbred strain regularly used in the study of the biological response to space 

radiation (16–19). Fragmentation of heavy ions in the wall of a space craft will lead to a 

radiation environment inside the craft that consists for a large part of ions of atomic number 

≤10 (20). Therefore, to model radiation exposure during deep space missions, we used rats 

exposed to protons (250 MeV) or oxygen ions (16O, 600 MeV/n and 1 GeV/n) in two 

separate studies. Ultrasonography was used to assess cardiac function and abdominal aorta 

blood flow in study A. Tissue samples of heart and abdominal aorta were collected to 

investigate pathological changes in both studies A and B, as outlined below.

2. Materials and Methods

Data were obtained from studies A and B. In short, in study A, male Long Evans rats were 

exposed to protons (250 MeV, 0.5 Gy) or 16O (600 MeV/n, 0.5 Gy), transported to the 

University of Arkansas for Medical Sciences (UAMS) and housed for 12 months after 

irradiation. Ultrasonography was used to measure in vivo cardiac function and blood flow 

parameters, and at 12 months, heart and abdominal aorta were collected for histology and 

western-blots. In addition, in a tissue sharing approach, hearts were obtained from study B 

that was performed at Johns Hopkins University School of Medicine (JHSOM). In study B, 

male Long Evans rats were exposed to 16O (1 GeV/n, 0.01–0.25 Gy) (16,19), and hearts 

were collected at 6–7 months and at 12 months after radiation. All heart samples from this 

study were shipped to UAMS and used for histology and western-blots.

2.1 Ethics statement

All animal procedures were approved by the Institutional Animal Care and Use Committees 

of UAMS, JHSOM, and Brookhaven National Laboratory (BNL).

2.2 Animal housing and radiation

In study A, 32 male Long Evans rats were obtained from Charles River (Wilmington, MA) 

at the age of 10 weeks and housed two per cage on a 12:12 hour light:dark cycle at UAMS. 

Rats received standard rodent chow low in soy (2020X, Harlan, Indianapolis, IN) and water 

ad libitum until they reached the age of 6 months. Starting at 21 weeks of age, all rats were 

rationed to 20 or 25 g chow per day, and the average rat weight was maintained within 620–

750 g throughout the study. Two rats showed malocclusion, and their teeth were trimmed 

every few weeks throughout the study. At 6 months of age, rats were transported to BNL by 

overnight air (World Courier, New Hyde Park, NY) and housed 2 per cage on a 12:12 hour 

light:dark cycle, receiving 2020X rodent diet and water ad libitum. After 1 week 

acclimatization to BNL, rats were exposed to radiation at the NASA Space Radiation 

Laboratory (NSRL). Rats were placed in the NSRL beamline in a dark Plexiglas holder with 

two compartments, one rat per compartment. Rats received whole-body irradiation with a 

single dose of 0.5 Gy protons (250 MeV, 0.10–0.11 Gy/min, n=12 rats), 0.5 Gy 16O (600 

MeV/n, 0.10–0.11 Gy/min, n=10 rats), or sham treatment (placement in the holder for the 

same amount of time as during radiation, but not placed in the beamline, n=10 rats). 
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Radiation dosimetry was performed by the NSRL physicists. One day after irradiation, rats 

were returned to UAMS by overnight air and housed under the same conditions as described 

above.

Details of animal procedures in study B can also be found in Jones et al. (16) and Mange et 

al (19). Male Long Evans rats were obtained from Harlan Laboratories (Indianapolis, IN) 

and singly housed on a 12:12 hour light:dark cycle at JHSOM. Rats were maintained at 90% 

of their free-feeding weights by being fed measured amounts of chow. At 6 months of age, 

rats were transported to BNL and singly housed on a 12:12 hour light:dark cycle. After 4 

days acclimatization to BNL, rats were exposed to radiation at NSRL. Rats were placed in 

the NSRL beamline in individual plastic holders and received whole-body irradiation with a 

single dose of 0.01, 0.05, 0.1 or 0.25 Gy 16O (1 GeV/n), or sham-irradiation. Radiation 

dosimetry was performed by the NSRL physicists. Ten days after irradiation, rats were 

returned to JHUSOM and housed under the same conditions as described above. Rats 

exposed to 0 Gy (n=8 rats), 0.01 Gy (n=7 rats) and 0.1 Gy (n=8 rats) were followed up to 6 

to 7 months after irradiation. Rats exposed to 0 Gy (n=5 rats), 0.05 Gy (n=8 rats) and 0.25 

Gy (n=6 rats) were followed up to 12 months. During follow-up, these rats underwent 

testing to examine social odor recognition memory at one and 6 months after radiation. The 

methods and results of these tests are described by Jones et al. (16) and Mange et al. (19).

2.3 Ultrasonography

In study A, rats were assessed with ultrasonography at 3, 5, 9, and 12 months after 

irradiation. Of all methods of anesthesia, isoflurane inhalation is one of the approaches with 

the smallest effect on cardiac physiology (21). Nonetheless, a slowing of heart rate still 

occurs. Therefore, we developed a procedure in which rats were under anesthesia for the 

shortest possible time during ultrasonography, similar to our previous approach in the mouse 

(10). The day before each ultrasonography scan, rats were anesthetized with 2% isoflurane 

inhalation, and hair was removed from the thorax and abdomen using clippers and a 

depilatory cream. On the day of ultrasonography, rats were anesthetized with 1.5–2% 

isoflurane inhalation and immediately placed supine on a heated platform that monitors 

respiration rate and ECG. The rats were scanned with a Vevo® 2100 imaging system 

(VisualSonics, Toronto, Canada) and a MS250 (13–24 MHz) transducer. Echocardiographs 

were obtained in the short axis M-mode at the mid-left ventricular level. Pulsed-wave 

Doppler was used to determine mitral valve E and A velocities in a four-chamber view of the 

heart. Pulsed-wave Doppler was also used to measure blood flow velocity in the abdominal 

aorta. For this purpose, the probe was placed in the transverse axis, immediately anterior of 

the renal artery branch point. The Vevo® LAB cardiac and vascular software packages were 

used to obtain the parameters listed in Supplemental Material, Table S1.

2.4 Blood cell counts and blood chemistry values

In study A, at the time of sacrifice at 12 months after irradiation, all rats were anesthetized 

with 3% isoflurane inhalation and a drop of blood was drawn from a tail snip and used to 

measure blood glucose levels with a FreeStyle Precision Neo blood glucose monitoring 

system and test strips (Abbott Laboratories, Lake Bluff, IL). Then, an infusion set (25G, 

Becton Dickinson, Franklin Lakes, NJ) was placed in the abdominal vena cava and used to 
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inject a single dose of heparin (15 U/kg). Without changing the position of the infusion set, a 

blood sample was drawn and transferred into an EDTA coated tube for determination of 

circulating blood cell counts with a HEMAVET HV950 hemocytometer (Drew Scientific, 

Miami Lakes, FL) and blood chemistry values (listed in Supplemental Material, Table S2) 

with an i-STAT blood analyzer and CHEM8+ cartridges (Abbott Labs, Lake Bluff, IL).

2.5 Tissue collection

In study A, tissue was collected at 12 months after irradiation. After heparin injection and 

blood collection as described above, the heart was collected and within 10 minutes after 

collection of the heart, the abdominal aorta. The hearts were rinsed in PBS, weighed, and 

processed immediately upon removal. Hearts were cut into two longitudinal halves, and one 

half was fixed in 5% formalin for 24 hours and embedded in paraffin for histology. The other 

half was divided into atria, specimens of right ventricle, and specimens of left ventricle, 

snap-frozen and stored at −80°C. The abdominal aorta was fixed in 5% formalin for 24 

hours and embedded in paraffin for histology. Lastly, tibia length was measured as an 

indicator of body size.

In study B, rats were euthanized by decapitation at 6 to 7 months and at 12 months after 

irradiation. After collection of brain and blood for purposes beyond the current study, the 

heart was collected and cut into two longitudinal halves. One half was fixed in 5% formalin 

for 24 hours and embedded in paraffin for histology. The other half was snap-frozen and 

stored at −80°C. All cardiac tissue samples were transported to UAMS for analysis.

2.6 Histology and immunohistochemistry

Five μm heart sections obtained in study A were stained with Hematoxylin and Eosin (H&E) 

and assessed by a veterinary pathologist (Stanley D. Kosanke, Heartland Veterinary 

Pathology Services, Edmond, OK) who was blinded for treatment group. Tissue sections 

were scored for acute inflammation, acute myofiber necrosis, microvascular damage, 

chronic interstitial fibrosis, and chronic epicardial fibrosis and were assessed for the 

presence of coronary artery and valvular damage.

Sections of abdominal aorta and heart were used to determine cardiac collagen deposition as 

previously described (22). Briefly, 5 μm longitudinal sections of heart and 5 μm transverse 

sections of aorta were rehydrated and incubated with Sirius Red supplemented with Fast 

Green. Sections were scanned with a ScanScope CS2 slide scanner and analyzed with 

ImageScope 12 software (Leica Biosystems, Wetzlar, Germany). The relative tissue area of 

collagens was calculated as the red-stained area expressed as a percentage of the total tissue 

area of each section.

For determination of mast cell numbers, sections were incubated in 0.5% Toluidine Blue in 

0.5 N HCl for 3 days at room temperature, followed by 0.7 N HCl for 10 minutes. Eosin was 

used as a counterstain.

Immunohistochemistry was used to assess cardiac numbers of monocytes/macrophages. 

Antigen retrieval was performed by treating the sections with 10 mM sodium citrate (pH 

6.0) at 95°C for 20 minutes. Sections were allowed to cool down prior to incubation in 1% 
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H2O2 in methanol for 30 minutes to quench the endogenous peroxidase activity. 

Subsequently, sections were incubated overnight at 4°C with rabbit anti-CD68 (Santa Cruz 

Biotechnology, Santa Cruz, CA) diluted 1:200 in TBS, followed by biotinylated goat anti-

rabbit IgG (1:200, Vector Laboratories, Burlingame, CA) for 90 minutes, an avidin-biotin-

peroxidase complex (Vector Laboratories) for 45 minutes, and a solution of 0.5 mg/ml DAB 

(Sigma-Aldrich, St Louis, MO) and 0.003% H2O2 in TBS for 5 minutes. Sections were 

counterstained with H&E.

Toluidine Blue, CardioTACS®, and anti-CD68 stained sections were examined with an 

Axioskop transmitted light microscope (Carl Zeiss, Oberkochen, Germany), and mast cells, 

apoptotic nuclei, and CD68-positive cells were counted and divided by the area of the tissue 

in each section. Counting was performed blinded for treatment group.

2.7 Western-blot analysis

A Potter-Elvehjem mechanical compact stirrer (BDC2002, Caframo, Georgian Bluffs, 

Canada) was used to homogenize left ventricular samples in a 1% Triton-X100 RIPA buffer 

containing 1:100 protease and phosphatase inhibitors (both Sigma-Aldrich). Protein 

concentration was determined using a BCA protein assay (Bio-Rad, Hercules, CA) and 25 

μg protein was added to a 2x Laemmli buffer containing β-mercaptoethanol (5%). Gel 

electrophoresis was performed, and proteins were transferred overnight at 4°C to a PVDF 

membrane (all Bio-Rad). Membranes were incubated in TBS containing 0.05% Tween-20 

and 5% non-fat dry milk to reduce non-specific antibody binding, followed by primary and 

secondary antibodies listed in Supplemental Material, Table S3 diluted in TBS containing 

0.1% Tween-20 and 5% non-fat dry milk. Membranes were covered in ECL Plus Western 

Blotting Detection Reagent (GE Healthcare Life Sciences, Chicago, IL) and placed on CL-

Xposure Film (Thermo Scientific, Waltham, MA). Films were developed and imaged with 

an AlphaImager® gel documentation system (ProteinSimple, San Jose, CA). Density of 

protein bands was determined with the publically available ImageJ software and expressed 

relative to GAPDH.

2.8 Statistics

Each ultrasonography parameter was first fitted with a repeated measures analysis of 

covariance comprised of radiation (an among-animal factor), time (a within-animal factor), 

and their interaction as factors, and time-specific heart rate as a covariate. Heart rate during 

ultrasonography recording was included as covariate since it is known that echocardiography 

outcomes may depend on heart rate (21). Regarding the repeated measures, the lowest (best) 

Bayesian Information Criterion was used to choose the within-animal covariance from 

among these structures: exchangeable, autoregressive, Toeplitz, or general. Denominator 

degrees of freedom were estimated with Kenward-Roger’s method.

All other parameters were fitted with an analysis of variance with radiation, time, and the 

radiation × time interaction as (among-animal) factors. In each analysis, the radiation groups 

were compared to the sham group within the same time point.

For all analyses, residuals were checked for adherence to the normal assumption via visual 

inspection of Q-Q plots, and for adherence to homogeneous variance with Levene’s test. In 
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all instances, normal assumptions were reasonable. For some parameters, though, variances 

were not homogeneous; in those cases, we allowed for heterogeneous variance through the 

covariance structure of the model. All tests were conducted at a 0.05 significance level. 

Analyses were conducted with the MIXED procedure in SAS/STAT software, version 9.4 

(SAS System for Windows, SAS Institute, Inc.). Because the purpose of the study was to 

identify potential heart measures for future study, no adjustment for multiple comparisons 

were applied.

3. Results

3.1 Results study A

In study A, male Long Evans rats were exposed to protons (250 MeV) or 16O (600 MeV/n), 

transported to UAMS and housed for 12 months after irradiation. Ultrasonography was used 

to measure in vivo cardiac function and blood flow parameters, and at 12 months, circulating 

blood cells were counted, blood chemistry was measured, and heart and abdominal aorta 

were collected for histology and western-blots. The research results are described in sections 

3.1.1 – 3.1.5.

3.1.1 Animal characteristics—At 12 months after radiation, no changes were 

observed in heart weight or heart weight relative to tibia length (to correct for body size, 

Supplemental Material, Table S4). In addition, no changes were observed in circulating 

blood cell counts (Table 1), or blood chemistry values at 12 months (Supplemental Material, 

Table S5).

3.1.2 Ultrasonography—Ultrasonography results obtained at 3–12 months after 

radiation are presented in Table 2 (systolic function parameters) and Supplemental Material, 

Tables S6 (ventricular dimensions) and S7 (Power Doppler measurements in abdominal 

aorta). Small but significant decreases were found in left ventricular posterior wall thickness 

at 3 and 5 months after protons and 16O. In addition, cardiac volume at the end of systole 

was increased in proton exposed rats compared to sham controls at all time points and 

reached statistical significance at 3 and 9 months. At 12 months, none of the measurements 

of cardiac dimensions or function were altered by radiation. On the other hand, in 

assessment of the abdominal aorta, an increase was seen in mean velocity, peak velocity, and 

velocity time integral at 12 months after 16O (Supplemental Material, Table S7), suggesting 

a change in vascular function at this late post-radiation time point.

3.1.3 Histopathology—Sections of hearts obtained at 12 months after radiation were 

assessed for the presence of histopathological changes. All histopathological assessments are 

presented in Supplemental Material, Table S8. In summary, none of the hearts showed signs 

of inflammation, myofiber necrosis, microvascular damage, or epicardial fibrosis. Very mild 

to mild, focal to multifocal evidence of interstitial fibrosis was observed in 3 out of 10 sham-

irradiated rats, 4 out of 12 proton-exposed rats, and 3 out of 10 16O-exposed rats (Table 3). 

Since these changes were seen in rats of all three groups, including sham-irradiated controls, 

they were most likely due to aging.
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3.1.4 Extracellular matrix remodeling—Histological staining was performed to 

determine total collagen deposition in the heart and wall of abdominal aorta. Quantitative 

image analysis showed that protons (250 MeV) or 16O (600 MeV/n) did not alter the cardiac 

tissue area occupied by total collagens (Supplemental Material, Figure S1). Similarly, 

transverse sections of abdominal aorta from the same animals did not show a change in 

percentage of tissue occupied by collagen (data not shown).

The rat and human heart contain low numbers of mast cells (23,24). In previous studies with 

high-dose local X-ray exposure of the heart in rodent models, we found a strong correlation 

between cardiac mast cell numbers and collagen deposition (25). Therefore, we assessed 

cardiac mast cell numbers and cardiac tissue protein levels of mast cell tryptase as potential 

indicators of radiation-induced tissue remodeling. Exposure to protons (250 MeV) or 16O 

(600 MeV/n) did not change cardiac mast cell numbers or left ventricular protein levels of 

mast cell tryptase (Supplemental Material, Figure S2). Toluidine Blue staining did not detect 

any mast cells in the aorta wall (data not shown).

Lastly, we assessed collagen type III, the most abundant collagen type in the heart, with 

western-blots. Rat collagen type III is about 300 kDa in size. However, we detected a 

collagen type III protein band of approximately 75 kDa. This appears to be a truncated 

peptide of collagen type III that we have previously described in western-blot analysis of the 

mouse heart (10, 11). The tissue content of the 75 kDa collagen type III peptide was 

significantly increased in samples of the left ventricle at 12 months after protons (250 MeV) 

(Figure 1).

3.l.5 Cardiac immune cells—Western-blots were used to assess protein levels of the 

general T-lymphocyte marker CD2, and markers of T-helper cells and cytotoxic T-cells, CD4 

and CD8, respectively. Exposure to 16O (600 MeV/n) caused an increase in protein levels of 

CD2 (Figure 2), CD4 and CD8 (Supplemental Material, Figure S3).

In addition, 16O (600 MeV/n) caused an increase in protein levels of CD68. However, 

immunohistochemical analysis revealed no significant change in the number of CD68-

positive cells in the heart (Figure 3).

3.2 Results study B

Study B was part of a tissue sharing approach, in which hearts were obtained from male 

Long Evans rats that were exposed to 16O (1 GeV/n) at doses from 0.01 to 0.25 Gy and 

housed at JHSOM (16,19). Hearts were collected at 6–7 months and at 12 months after 

radiation, and the results of heart tissue analysis are described below.

Quantitative image analysis showed that 16O (1 GeV/n) did not alter the cardiac tissue area 

occupied by total collagens (Supplemental Material, Figure S4). On the other hand, the 

tissue content of the 75 kDa collagen type III peptide that was also observed in study A (see 

section 3.1.4), was significantly increased at 12 months after 16O (1 GeV/n) at doses of 0.05 

and 0.25 Gy (Supplemental Material, Figure S5). While 16O caused an increase in cardiac 

protein levels of mast cell tryptase at all doses examined, there was no increase in cardiac 

numbers of mast cells (Supplemental Material, Figure S6).
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An increase was observed in protein levels of T-lymphocyte marker CD2 after exposure to 
16O at doses of 0.05 Gy and above (Supplemental Material, Figure S7). The cardiac protein 

levels of CD4 and CD8 were increased only at 6 months after a dose of 0.1 Gy 

(Supplemental Material, Figure S8). Lastly, while CD68 protein levels were also increased at 

doses of 0.05 Gy and above, numbers of CD68 positive cells as determined with 

immunohistochemistry were not altered by radiation (Supplemental Material, Figure S9).

4. Discussion

Preclinical research performed in multiple animal species may enhance the translatability of 

the results to human subjects. While most studies of cardiovascular effects of space radiation 

have been performed in mouse models (9–12), studies in the rat could provide input from a 

second animal species. We performed ultrasonography in male Long Evans rats exposed to 

protons (250 MeV) or 16O (600 MeV/n) at a dose of 0.5 Gy. While there were some small 

changes in left ventricular wall thickness and volume, no changes were seen in 

ultrasonography measures that indicate systolic function (such as ejection fraction) or 

diastolic function (mitral valve E/A velocity ratios). On the other hand, in a previous study 

by Soucy et al, exposure of male Wistar rats to a dose of 1 Gy 56Fe (1 GeV/n), but not to 0.5 

Gy, caused an increase in abdominal aorta pulsed-wave velocity when measured at 8 months 

after irradiation (15). Together with other in vivo and ex vivo measures of vascular function, 

the authors concluded that exposure to 56Fe caused a xanthine oxidase-dependent vascular 

dysfunction. In the current study, protons did not cause changes in pulsed-wave velocity in 

the abdominal aorta, but 16O at a dose of 0.5 Gy caused an increase in mean velocity, peak 

velocity and velocity time integral at 12 months after irradiation. Altogether, 

ultrasonography results suggest that 16O, while not inducing changes in cardiac function, 

may cause long-term vascular dysfunction in the rat, similar to the findings by Soucy et al on 
56Fe (15).

In addition to cardiovascular function, we examined effects of protons and 16O on tissue 

structure. For this purpose, we made use of samples from two studies. In study A, samples of 

heart and abdominal aorta were collected from Long Evans rats exposed to protons (250 

MeV) or 16O (600 MeV/n) at a dose of 0.5 Gy, also described in the ultrasonography studies 

above. In study B, hearts were obtained from Long Evans rats exposed to 16O (1 GeV/n, 

0.01 – 0.25 Gy) (16,19). There were some differences in the design of the two studies. 16O 

was administered at different energies and radiation doses, and there were differences in 

environmental factors such as housing and diet. In addition, during follow-up in study B, the 

rats underwent testing to examine social odor recognition memory, as part of a separate 

neurocognitive study, at one and 6 months after radiation (16,19). Moreover, tissue samples 

in studies A and B were collected at different time points after irradiation. Lastly, in study A, 

samples of left ventricle were used for western-blots, while in study B only samples of 

whole heart that may have contained small amounts of right ventricular and atrial tissue 

were available. This may have an effect on western-blot outcome if the expression of a 

protein depends on its anatomical location in the heart. However, since all tissue endpoints 

were compared with age-, time-, and institution-matched sham-irradiated controls within 

each of the studies, we believe that results of both studies will be useful in obtaining insight 

into effects of low-dose 16O exposures on the heart.
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We found no increase in total tissue area occupied by collagens in cardiac sections of the 

two studies. On the other hand, we did observe an increase in tissue content of a 75 kDa 

collagen type III peptide in the left ventricle at 12 months after protons (250 MeV, 0.5 Gy) 

and in samples of the whole heart at 12 months after 16O (1 GeV/n) at doses of 0.05 and 

0.25 Gy. We have previously shown an increase in this peptide of collagen type III in 

samples of whole heart of male C57BL/6 mice at 7 days after whole-body exposure to 56Fe 

(600 MeV/n, 0.5 Gy) (11) and in samples of left ventricle of male C57BL/6J mice at 2 

weeks, 3 months and 9 months after protons (150 MeV, 1 Gy) and 16O (600 MeV/n, 1 Gy) 

(10). We believe that this is a truncated form of collagen type III that is indicative of a 

remodeling process of this collagen. Recently, it has been shown that peptide fragments of 

collagens due to extracellular matrix remodeling play an active role in regulating cellular 

processes such as cell death and angiogenesis (26,27). Together, the results in mice and rats 

suggest that while radiation fibrosis does not occur after low doses of protons or high-energy 

heavy ions, these forms of radiation do induce the remodeling of existing collagens in the 

heart.

We examined left ventricular and whole heart protein content of T-lymphocyte markers 

CD2, CD4 and CD8. All three T-lymphocyte markers were increased at 6 months after 16O 

(1 GeV/n) at a dose of 0.1 Gy and 12 months after 16O (600 MeV/n) at a dose of 0.5 Gy. 

Left ventricular and whole heart protein levels of the monocyte/macrophage marker CD68 

were increased in the same radiation groups. However, immunohistochemistry did not reveal 

a change in the number of CD68 positive cells in the heart. In addition, while there was an 

increase in cardiac protein levels of mast cell tryptase at 6 to 7 months and at 12 months 

after 16O at an energy of 1 GeV/n, histological staining did not reveal an increase in cardiac 

numbers of mast cells. In future studies, it may be important to incorporate more sensitive 

methods to determine immune cell numbers, such as flow cytometry of freshly obtained 

cardiac tissue samples, to obtain a definite answer on immune cell infiltration in the heart.

Cardiac remodeling after high-dose whole-body irradiation has been shown to depend on 

kidney function (28,29). We assessed a panel of biochemical indicators of kidney function at 

12 months after irradiation in study A and found no alterations. Therefore, it is not likely 

that radiation-induced alterations observed in the heart were an indirect effect of radiation 

effects on the kidney. Additional pathophysiological measurements are required to further 

assess the long-term biological consequences of low-dose space radiation on the rat 

cardiovascular system.

The radiation doses tested in studies A and B were relevant for total doses received during 

deep-space missions. However, practical considerations limited us to administering these 

radiation doses within several minutes, while the dose rates of charged particle exposure 

during space travel are many fold lower (30). Further studies need to determine the effects of 

mixed ion fields and protracted radiation exposures in both male and female animals. 

Moreover, even if certain findings are observed in two separate animal species, they may not 

always translate to human subjects (31). In terms of normal tissue radiation effects, for 

instance, differences in radiation sensitivity between species may complicate the assessment 

of biological response to specific radiation doses (32).
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In conclusion, these studies did not reveal significant changes in cardiac function or cardiac 

histopathology in a rat model of single-dose whole body exposures to protons or 16O. 

However, some indications of mild changes in vascular function and remodeling of existing 

collagens in the heart were seen. These studies corroborate most of the findings previously 

obtained from mouse models of exposure to single doses of high-LET single ion radiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Western-blot analysis of collagen type III (Coll. III) in the left ventricle.
Western-blot analysis revealed a 75 kDa peptide of collagen type III (A). The levels of this 

collagen type III peptide were quantified, normalized to GAPDH and then calculated relative 

to age- and time-matched 0 Gy controls (B). Samples of left ventricle were assessed at 12 

months after oxygen ions (600 MeV/n) and protons (250 MeV), n=8 rats in 0 Gy and n=10–

12 rats in the 0.5 Gy groups. Bars indicate average and SD. *p < 0.05 compared to age- and 

time-matched 0 Gy.
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Figure 2. Western-blot analysis of CD2 in the left ventricle.
The levels of CD2 were quantified (A), normalized to GAPDH and then calculated relative 

to age- and time-matched 0 Gy controls (B). Samples of left ventricle were assessed at 12 

months after oxygen ions (600 MeV/n) and protons (250 MeV), n=8 rats in 0 Gy and n=10–

12 rats in the 0.5 Gy groups. Bars indicate average and SD. *p < 0.05 compared to age- and 

time-matched 0 Gy.
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Figure 3. Western-blot and immunohistochemical analysis of CD68 in the left ventricle.
Western-blots were used to assess protein levels of CD68 (A), normalized to GAPDH and 

then calculated relative to age- and time-matched 0 Gy controls (B). Immunohistochemistry 

was used to determine the number of CD68-positive cells per mm2 of cardiac tissue area 

(C). CD68-positive cells and left ventricular CD68 protein levels were assessed at 12 months 

after protons (250 MeV) and oxygen ions (600 MeV/n), n=8 rats in 0 Gy and n=10–12 rats 

in the 0.5 Gy groups. Bars indicate average and SD. *p < 0.05 compared to time-matched 0 

Gy.
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Table 1.

Circulating blood cell counts at 12 months after radiation

Parameter 0 Gy 16O (0.5 Gy) Protons (0.5 Gy)

White blood cells (*103/μ1) 3.42 ± 1.81 2.61 ± 1.01 4.14 ± 6.32

Neutrophils (%) 44.4 ± 12.1 48.8 ± 10.1 42.9 ± 14.6

Lymphocytes (%) 47.9 ± 13.4 43.4 ± 9.2 51.6 ± 14.1

Monocytes (%) 6.4 ± 3.1 6.9 ± 3.1 4.5 ± 1.7

Eosinophils (%) 1.0 ± 0.5 0.9 ± 0.6 1.1 ± 1.0

Basophils (%) 0.2 ± 0.1 0.1 ± 0.2 0.1 ± 0.2

Red blood cells (*106/μl) 6.55 ± 1.01 7.59 ± 1.06 6.14 ± 1.71

Values indicate average ± SD, n=10–12 rats per group. In all statistical comparisons in the manuscript, the radiation groups were compared with 
age-matched sham controls. There were no statistically significant differences between the groups.
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Table 2.

Results of cardiac ultrasound after sham-irradiation (0 Gy) and exposure to protons (250 MeV, 0.5 Gy) or 16O 

(600 MeV/n, 0.5 Gy)

Parameter 3 months 5 months 9 months 12 months

0 Gy 301.2 ± 81.8 258.2 ± 57.2 292.3 ± 49.6 306.7 ± 55.9

sv (μl) 16O 304.8 ± 31.4 289.1 ± 27.1 308.7 ± 27.6 315.6 ± 36.3

Protons 294.3 ± 27.3 284.0 ± 50.2 293.5 ± 34.6 314.0 ± 33.5

0 Gy 76.5 ± 6.4 74.1 ± 3.9 80.0 ± 6.0 79.9 ± 7.6

EF (%) 16O 75.6 ± 4.9 74.8 ± 5.1 76.4 ± 5.4 76.6 ± 3.7

Protons 72.1 ± 7.2 76.7 ± 4.9 75.3 ± 8.5 76.7 ± 4.7

0 Gy 47.4 ± 5.9 44.8 ± 3.9 50.9 ± 6.4 51.3 ± 8.3

FS (%) 16O 46.4 ± 4.5 45.7 ± 4.6 47.3 ± 5.3 47.4 ± 3.6

Protons 43.5 ± 6.5 47.4 ± 4.4 46.5 ± 8.1 47.5 ± 4.6

0 Gy 111.4 ± 30.5 95.5 ± 24.4 104.1 ± 18.4 107.4 ± 21.8

CO (ml/min) 16O 108.8 ± 11.0 100.8 ± 11.2 100.4 ± 16.8 127.3 ± 54.8

Protons 103.2 ± 7.9 115.7 ± 35.1 112.0 ± 33.9 112.1 ± 12.1

Values indicate average ± SD, n=8 rats in 0 Gy and n=10–12 rats in the 0.5 Gy groups. There were no significant differences between the radiation 
groups and time-matched 0 Gy controls. Additional cardiac ultrasound parameters are presented in Supplemental Material, Table S6.
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Table 3.

Histopathological scoring of interstitial fibrosis at 12 months after exposure to 16O (600 MeV/n, 0.5 Gy) or 

protons (250 MeV, 0.5 Gy)

Dose group Scores of individual rats

0 Gy 0, 0, 0, 0, 0, 0, 0, 1, 1, 1

16O (0.5 Gy) 0, 0, 0, 0, 0, 0, 0, 0.5, 1, 1

Protons (0.5 Gy) 0, 0, 0, 0, 0, 0, 0, 0, 0.5, 0.5, 0.5, 1

Longitudinal sections of heart were scored for interstitial fibrosis using the following grading system: 0 = no lesions; 0.5–1 = mild changes; 1.5–2 = 
moderate changes; 2.5–3 = marked changes; 3.5–4 = severe changes.
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