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We have previously shown significant pathology in the heart
and kidney of murine hematopoietic-acute radiation syndrome
(H-ARS) survivors of 8.7–9.0 Gy total-body irradiation (TBI).
The goal of this study was to determine temporal relationships
in the development of vasculopathy and the progression of renal
and cardiovascular delayed effects of acute radiation exposure
(DEARE) at TBI doses less than 9 Gy and to elucidate the
potential roles of senescence, inflammation and oxidative stress.
Our results show significant loss of endothelial cells in coronary
arteries by 4 months post-TBI (8.53 or 8.72 Gy of gamma
radiation). This loss precedes renal dysfunction and interstitial
fibrosis and progresses to abnormalities in the arterial media
and adventitia and loss of coronary arterioles. Major differ-
ences in radiation-induced pathobiology exist between the heart
and kidney in terms of vasculopathy progression and also in
indices of inflammation, senescence and oxidative imbalance.
The results of this work suggest a need for different medical
countermeasures for multiple targets in different organs and at
various times after acute radiation injury to prevent the
progression of DEARE. � 2019 by Radiation Research Society

INTRODUCTION

The risk of exposure to debilitating and lethal doses of
radiation is increasing as a result of nuclear arms

proliferation, potential terrorist attacks and natural disasters
at nuclear power plants. Long-time survivors of acute high-
dose exposure can develop delayed effects of acute
radiation exposure (DEARE) in multiple organ systems.
Cardiovascular and renal disease are two manifestations of
DEARE that have been studied clinically and experimen-
tally at targeted radiation exposures �10 Gy. Cardiovascu-
lar disease has been identified as a major cause of death in
survivors of atomic bombs and nuclear accidents (1–6).
Radiation nephropathy is associated with cardiovascular
disease after total-body irradiation (TBI) (6, 7), and has
been shown to cause myocardial and coronary vascular
disease after local as well as total-body exposures (8, 9),
suggesting a causal link between the renal and cardiovas-
cular DEARE.

Although radiation doses at significantly less than 10 Gy
may raise the risk of cardiovascular disease in both humans
and animal models (2, 4, 10), there is a paucity of
information related to the time course of cardiovascular
disease progression, the specific mechanisms which mediate
the progression of vasculopathy, and their association with
renal disease. Chronic inflammation and persistent oxida-
tive stress are considered to have major roles in the
development of DEARE in multiple organs (11, 12), and are
believed by some to be due to radiation-induced damage to
vascular endothelium. The vascular endothelium is gener-
ally considered to be one of the most radiation-sensitive
non-hematopoietic tissues in the body (13) and to have a
role in multiple organ injury (14, 15) after radiation
exposure. Endothelial cell senescence can be induced by
ionizing radiation through an NF-jB-dependent pathway
(16), leading to oxidative stress and inflammation, which
results in cardiovascular disease and fibrosis (17). Vascular
injury is thus not only a marker of radiation exposure but
also a mechanism for delayed tissue injury in multiple
organs (13). However, there are few studies addressing such
mechanisms of DEARE at doses less than 10 Gy and a
causative role of inflammation and oxidative stress has been
challenged, especially for radiation nephropathy (18, 19).

Editor’s note. The online version of this article (DOI: 10.1667/
RR15130.1) contains supplementary information that is available to
all authorized users.
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We have recently reported development of DEARE in the
heart and kidney of murine survivors in an established
hematopoietic-acute radiation syndrome (H-ARS) model
(20). In mice that received 8.7–9.0 Gy TBI, we observed
significant pathology in the heart and kidney, including
coronary arterial fibrosis, renal glomerulosclerosis, loss of
tubules and interstitial fibrosis. The goal of the current study
was to determine temporal relationships in the development
of vasculopathy and the progression of renal and cardio-
vascular DEARE in our murine H-ARS model at TBI doses
less than 9 Gy, and to elucidate the potential roles of
senescence, inflammation and oxidative stress.

MATERIALS AND METHODS

Mouse Irradiation and Husbandry

All studies followed the PHS Policy on Humane Care and Use of
Laboratory Animals, were compliant with animal welfare guidelines
as reviewed by AAALAC and were approved by the Indiana
University School of Medicine Institutional Animal Care and Use
Committee.

Specific pathogen-free C57BL/6 mice (50/50 male/female; Jackson
Laboratory, Bar Harbor, ME) were received at 10 weeks of age and
acclimated for two weeks prior to irradiation. Mice were placed in
single chambers of a Plexiglast irradiation apparatus and received a
single uniform total-body dose of 8.53 or 8.72 Gy of gamma radiation
(LD50/30 and LD70/30, respectively) from a 137Cs radiation source (0.95–
1.00 Gy/min). Mice were identified by ear punch, and husbandry and
health status monitoring were performed as described elsewhere (21).
These mice had been used as vehicle controls in survival studies.
Although the DEARE studies used both male and female mice, group
sizes were not sufficient to allow statistical analyses of potential
differences due to sex. Survivors of the acute phase (30 days) were
used in the current studies of DEARE along with age-matched
nonirradiated control mice. Separate groups of mice were used for
histological and molecular studies of kidney and heart at time points
from 4 to 22 months post-TBI (Supplementary Table S1; http://dx.doi.
org/10.1667/RR15130.1.S1). Blood urea nitrogen (BUN) was deter-
mined for mice from both groups at all time points.

Tissue Harvest, Fixation and Histological Staining

Mice were anesthetized via isoflurane inhalation, the thoracic cavity
was opened and blood was collected from the left ventricle for
preparation of serum. Mice from which tissues were used for
histological and morphometric analysis were perfusion fixed via the
left ventricle at 100–120 mm Hg. The mice were first perfused with
phosphate buffered saline (PBS) including vascular dilator (0.1 mM
adenosine and 0.01 mM sodium nitroprusside). This was followed by
10% neutral buffered formalin (NBF). After perfusion-fixation, the
heart and right kidney were placed in NBF for storage until
processing. Tissues collected for qPCR analysis were obtained from
separate groups of mice and excised from the animal immediately after
perfusion with PBS and dilator. After this perfusion, the heart apex
and one half of the right kidney were placed in RNA preservation
solution and stored at –208C until RNA purification. Formalin-fixed
tissues were paraffin embedded, sectioned, then stained with
hematoxylin and eosin (H&E), Periodic acid-Schiff and hematoxylin
(PASH), picrosirius red (PSR) or Perls’ Prussian blue.

Imaging, Histological Scoring and Morphometric Analysis

Imaging. Digital images of kidney and heart sections were acquired
using Leica Application Suite imaging software using a Leica DM

5000B microscope (Leica Microsystems Inc., Buffalo Grove, IL) with
a Leica DMC 4500 digital camera. Multiple sections (4–5) from each
mouse were evaluated for histopathological characteristics. Morpho-
metric measurements were performed using ImageJ Software
(National Institutes of Health, Bethesda, MD).

Blood urea nitrogen. BUN was determined in mouse serum as
described elsewhere (20).

Renal histopathological analyses. A quantitative scoring system of
radiation-induced renal histopathological changes previously devel-
oped for quantitative assessment of radiation nephropathy in rats and
adapted by one of the coauthors for this murine model (20, 22) was
used to assess glomerulosclerosis and interstitial fibrosis, the two
primary manifestations of radiation nephropathy observed in this
model (20). PASH-stained tissues were used to identify sclerosed
glomeruli. A glomerulus was identified as sclerosed if 50% or more of
the glomerular tufts lacked evenly dispersed nuclei or capillaries and
showed an increase in matrix deposition. At least 20 random glomeruli
per mouse were assessed using ImageJ. The percentage of sclerosed
glomeruli for each mouse was calculated and a numerical scale was
developed from the percentage data. A numerical scale for interstitial
fibrosis in the renal cortex was also developed based on qualitative
descriptors. Renal cortex fibrosis was also assessed from PSR-stained
sections as described elsewhere by Farris et al. (23).

Arterial histopathology analyses. Arterial wall characteristics in
heart and kidney sections including the area and thickness of the
media and adventitia, and intimal and medial cell nuclear number and
density, were performed using H&E stained sections as described
elsewhere (24, 25). Relative collagen content in the adventitia and
media of the left coronary artery was also determined with
thresholding to identify the area of PSR staining (26). Threshold
analysis was performed using the green channel of the RGB stack, and
a grayscale value of 60 was used as the threshold to standardize values
between animals.

Microvascular injury and hemosiderin deposition. The presence of
Perls’ Prussian blue-positive regions or distinct areas (nodes) was
evaluated in heart and kidney cross sections and the total number of
nodes (heart) or the total Perls’-positive area (kidney) was calculated.

Immunohistochemical Analyses

Immunohistochemistry. Antigens were detected in paraffin-embed-
ded tissues using the VECTASTAINt Elite ABC-HRP Kit (Vectort
Laboratories, Burlingame, CA) and the Vector DAB Peroxidase
(HRP) Substrate Kit with standard protocols. Antigen retrieval was
performed by immersing the slides in citrate buffer (0.01 M, pH 6.0)
preheated via microwave oven for 45 s, followed by heating for 3 3 5
min at 50% power, replenishing the buffer as needed between
intervals. Tissue sections were blocked with 13 protein blocking
solution (Vector Animal-free Blocker) and normal goat serum (1:50
dilution) for 60 min. Primary antibodies were diluted with the protein
blocking solution and incubated overnight at 48C in a hydration
chamber. Antibodies included: anti-smooth muscle a-actin (D-SMA,
rabbit polyclonal, 1:400; Millipore, Temecula, CA), and macrophage
marker F4-80 (1:20; Abcamt, San Francisco, CA). Secondary
antibodies were diluted 1:50 in protein blocker plus appropriate
serum, and incubation was performed for 60 min at room temperature.
The slides were briefly counterstained with Gill’s 3 hematoxylin,
dehydrated through graded alcohols to xylene and coverslipped with a
permanent mounting medium prior to imaging.

Cardiac and renal arteriole density. For arteriolar density
determination in heart and kidney, smooth muscle a-actin-positive
vessels were detected as described in the immunohistochemical
methods, and arterioles were verified morphologically by wall
thickness; arteriole tunica media thickness was greater than in venules,
and capillaries (,10 lm) were a-actin-negative. Arteriolar density
was quantified by counting all arterioles 10 to 25 lm in diameter in
1003 images of five serial tissue sections/mouse. Arteriole numbers
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for each section were normalized to the tissue area and values are
expressed as animal means.

Cardiac macrophages. Macrophages were detected as described in
the immunohistochemical methods, and cells positive for the F4/80
macrophage-specific antigen were quantified in images of tissue
sections of the entire left ventricle using an average of 16 fields/
section/mouse at 2003. Macrophage numbers are expressed as means
normalized to the image field area.

Molecular Expression Analyses

Renal and cardiac real-time PCR. Relative differences between
TBI and nonirradiated mouse heart and kidney mRNA expression
were determined using reverse transcription real-time quantitative
PCR (RT-qPCR). Total RNA isolation and reverse transcription (1.0
lg of RNA) for samples of heart apex and right kidney were
performed as described elsewhere (20). For PCR, cDNA (5.0 ll, 1:50
dilution) was combined with primers and probes for Nox2, Nox4,
p47phox, p16INK4a or hypoxanthine guanine phosphoribosyl transfer-
ase (HPRT) endogenous control (TaqMant Gene Expression Assays;
Applied Biosystemst, Foster City, CA) in the presence of a PCR
master mix (FastStart Universal Probe Master Mix; Roche Applied
Science, Indianapolis, IN). Reactions were run in triplicate on an
Applied Biosystems 7500 Real-Time PCR System using relative
quantification (DDCt) with standard two-step 7500 PCR cycling
conditions (40 cycles). Differences in PCR product yields between
groups were determined by comparing the fold differences between
target mRNA after normalization to HPRT.

RESULTS

General Mouse Data

For all experiments, mouse body masses for all time

points post-TBI ranged from 19.0–41.6 g for the irradiated

mice and 23.0–55.8 g for age-matched nonirradiated mice.

Specific group/time data are shown in the Supplementary

Table S1 (http://dx.doi.org/10.1667/RR15130.1.S1).

DEARE in Heart

The presence of DEARE in heart was assessed by
determining multiple wall characteristics of coronary
arteries using morphometric analyses (24, 25); these
characteristics, summarized in Table 1, included intimal
and medial cell nuclear numbers, luminal perimeters, medial
areas and collagen-positive areas in the media and peri-
arterial space. Representative images of cross sections of
coronary arteries from TBI and control age-matched
nonirradiated mice used for these analyses are shown in
Supplementary Figs. S1 and S2 (http://dx.doi.org/10.1667/
RR15130.1.S1).

Collagen deposition. The area of PSR staining in cross
sections of the largest coronary arteries was quantified to
assess collagen content in the media and adventitia
(Supplementary Fig. S1; http://dx.doi.org/10.1667/
RR15130.1.S1). Medial collagen area averaged over all
time points was significantly greater in the TBI compared to
nonirradiated mice (2,429 6 335 vs. 1,271 6 340 lm2, P¼
0.021), and medial collagen (as percentage of total medial
area) increased significantly with age in the TBI but not
nonirradiated (Fig. 1A) group. The age-related increase in
medial collagen appeared to be associated with gaps
between adjacent vascular smooth muscle cells which were
confirmed by smooth muscle a-actin staining (Supplemen-
tary Fig. S1) and were especially apparent at 18 months
post-TBI. PSR staining in the adventitia and peri-arterial
area between the arterial media and adjacent cardiac
myocytes was not different between TBI and nonirradiated
mice (3,604 6 397 lm2 vs. 2,637 6 402 lm2, P ¼ 0.098)
but was increased with age in both groups (Fig. 1B). Focal
regions of myocardial interstitial fibrosis and increased
pericardial fibrosis were not observed, in contrast to what

TABLE 1
Wall Characteristics of Coronary Arteries

Time post-TBI:

Nonirradiated, age-matched controls TBI

4 months 6 months 13 months 18 months 4 months 6 months 13 months 18 months

No. intimal
nuclei

19.5 6 2.28 20.3 6 3.04 20.4 6 2.30 24.7 6 0.44 11.3 6 1.18 14.5 6 2.39 9.9 6 1.83 10.3 6 1.28

Luminal
diameter (lm)

133 6 12.1 140 6 15.7 123 6 11.4 155 6 11.3 138 6 12.5 162 6 6.2 143 6 13.2 159 6 14.3

Luminal
perimeter (lm)

417 6 37.9 510 6 49.4 386 6 35.8 485 6 35.5 434 6 39.3 510 6 19.4 449 6 41.6 499 6 35.5

No. medial
nuclei

18.2 6 3.96 16.4 6 1.82 13.9 6 0.83 20.2 6 0.44 14.4 6 2.93 16.8 6 2.77 12.7 6 2.18 13.5 6 2.81

Medial
area (lm2)

4,090 6 591 4,440 6 705 4,300 6 486 7,676 6 1,274 3,980 6 807 5,680 6 430 5,580 6 597 7,620 6 1,844

Medial
thickness (lm)

9.66 6 0.56 9.93 6 0.62 10.5 6 0.63 15.6 6 1.66 8.67 6 0.96 11.1 6 0.58 12.2 6 0.76 14.6 6 2.20

Medial
collagen (lm2)

536 6 60 1,164 6 91 1,133 6 73 2,250 6 384 1,108 6 269 1,829 6 218 2,422 6 362 4,297 6 845

Adventitial
collagen (lm2)

1,462 6 120 1,612 6 169 2,875 6 235 4,599 6 909 2,341 6 250 2,374 6 236 3,986 6 1,445 5,712 6 813

Notes. Individual mouse averages were obtained from two cross sections of the left coronary artery. n¼ 4 for each group and time from 4–13
months post-TBI; n ¼ 3 for nonirradiated and n ¼ 5 for TBI at 18 months post-TBI.
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we previously reported (20). However, the mice in the

previously experiments were studied at a longer time post-

TBI and at higher radiation doses (872–904 cGy), which

may account for the different results in the current study.

Intimal and medial cell density in coronary arteries.

Representative images of coronary arterial cross sections

used for determining intimal perimeter, medial area and

intimal and medial cell nuclear numbers and density are

shown in Supplementary Fig. S2. The intimal cell numbers

per coronary arterial cross section of all nonirradiated and

TBI mice were 21.2 6 1.06 and 11.5 6 0.99 (Table 1, P ,

0.001), respectively. This 50% reduction of cell number

after irradiation was present from the earliest (4 months)

through the latest (18 months) time post-TBI. All the

coronary artery intimal cell nuclei were histologically

characteristic of endothelial cell nuclei and no intimal

reactivity for F4/80 or smooth muscle a-actin was observed.

The reduced number of intimal cell nuclei in the TBI group

was not due to a reduction in coronary artery size because

the luminal diameters and perimeters of the coronary

arteries were similar (Table 1) and because normalization

of intimal cell number to luminal perimeter also indicated

50% reduction at all times post-TBI (2.45 6 0.180 in the

TBI compared to 5.04 6 0.192 in the age-matched

nonirradiated group, P , 0.001; Fig. 2A).

FIG. 1. Collagen in left coronary arteries. Averages in individual
TBI and nonirradiated mice are shown for the percentage of the
arterial media (panel A) and peri-arterial space normalized to luminal
perimeter (panel B) stained with PSR. A significant increase with time
was observed in medial collagen of TBI but not in nonirradiated mice,
and in peri-arterial collagen in both TBI and nonirradiated mice.
Averages are from two arterial sections for each mouse. n ¼ 4–7 per
group.

FIG. 2. Intimal and medial cell nuclear density in left coronary
arteries. Panel A: Intimal cell nuclear density (average number of
intimal nuclei per 100 lm luminal perimeter) in the largest coronary
arteries is shown for all time points post-TBI and in age-matched,
nonirradiated controls. Two-way ANOVA testing showed that intimal
nuclear density was significantly less in TBI mice compared to
nonirradiated mice at all time points (P , 0.001) but no differences
were observed between time points in either the TBI or nonirradiated
groups. Panel B: Medial cell nuclear density (average number of
medial nuclei per 1,000 lm2 medial area) in the largest coronary
arteries is shown for all time points post-TBI and in nonirradiated
controls. Two-way ANOVA showed that medial nuclear density was
significantly less in TBI mice compared to nonirradiated mice at all
time points (P ¼ 0.004). Medial cell nuclear density decreased with
time (y¼ 3.96 – 0.121x, P , 0.001, r2¼ 0.613 for TBI vs. y¼ 7.76 –
0.104x, P ¼ 0.056, r2 ¼ 0.252 for nonirradiated controls) with a
significant difference between 4 and 18 months in the TBI mice. n¼ 4
for each group and time from 4–13 months post-TBI; n ¼ 3
nonirradiated and 5 TBI mice for 18 months.
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Unlike the intima, no significant decrease was observed
in the number of medial cell nuclei in arterial cross sections
of TBI compared to nonirradiated mice. The averages for all
time points for medial cell nuclear numbers in the coronary
arteries of nonirradiated and TBI groups were 17.2 6 1.35
and 14.3 6 1.27, respectively (P ¼ 0.140). Medial cell
nuclear density (number of nuclei divided by medial area)
averaged over all time points was lower in TBI than
nonirradiated mice (2.72 6 0.208 vs. 3.69 6 0.222, P ¼
0.004) as shown in Fig. 2B. The medial nuclear counts
included all nuclei without consideration of the cell type or
if smooth muscle cells were binuclear (see Supplementary
Fig. S2). The decline in medial cell density appears to result
from expansion of the media with collagen deposition rather
than cell loss or smooth muscle hypertrophy.

Coronary arteriolar rarefaction. Arteriolar density in the
left ventricle myocardium was determined by a-SMA
positive arterioles (Supplemental Fig. S3; http://dx.doi.org/
10.1667/RR15130.1.S1). Arteriolar density in the irradiated
mice tended to be decreased at 4 months compared to that of
nonirradiated mice (30%, P ¼ 0.08) and was significantly
less (.50%, P , 0.001) at 13 and 18 months post-TBI (Fig.
3).

Hemosiderin and microvascular injury. Perls’ Prussian
blue stain was utilized to evaluate iron deposition as an
index of microvascular injury and hemorrhage, as previ-
ously reported elsewhere in locally irradiated hearts (27).
Perls’-positive regions were consistently observed in the
pericardium, myocardium and coronary arteries of the left
ventricle in TBI mice (see Supplementary Fig. S4; http://dx.
doi.org/10.1667/RR15130.1.S1). In the irradiated mice, the
number of pericardial/myocardial Perls’-positive regions or
nodes was greatest at 4 months post-TBI and progressively

decreased, as shown in Fig. 4A. Perls’-positive nodes were

also seen in the medial and adventitia wall areas of the

coronary arteries. Perls’-positive nodes were much more

common in the left coronary arteries of irradiated compared

to nonirradiated mice, as shown in Fig. 4B. Although the

number of Perls’ nodes in nonirradiated left coronary

arteries increased with age, irradiated mice had significantly

more Perls’-positive nodes than did nonirradiated control

mice at all time points post-TBI except 13 months.

However, the number of nodes in and around the coronary

arteries of TBI mice did not decrease with time. The nodes

FIG. 3. Left ventricle arteriolar density. Loss of myocardial
arterioles post-TBI was assessed in left ventricle tissue sections by
quantifying a-actin-positive vessels 10–25 lm in diameter in TBI and
age-matched nonirradiated mice. Arterioles were counted in five tissue
sections/mouse at the various time points and normalized to the
myocardial tissue area (arterioles/1 3 105 lm2). n ¼ 4 mice for 4, 13
months; n ¼ 6–7 mice for 18 months.

FIG. 4. Hemosiderin (Perls’ Prussian Blue stain) in left ventricle
(LV). Panel A: Average number of distinct Perls’-positive regions
(nodes) in individual nonirradiated and TBI mice. Each individual
point represents the average from a minimum of five 4003 fields. In
nonirradiated mice, a slight but significant increase was observed. A
significant and progressive decrease with time post-TBI occurred in
the myocardium of the TBI mice. Panel B: Number of distinct Perls’-
positive nodes in left coronary arteries of individual TBI and
nonirradiated mice. For each mouse, counts from coronary arteries
in two cross sections were averaged. The number of nodes were
greater (P , 0.001) in TBI mice at all time points except 13 months.
Unlike the myocardium, the number of hemosiderin deposits did not
decrease in the TBI coronary arteries. There was a progressive
increase in Perls’ staining in the coronary arteries of nonirradiated
mice. n ¼ 3–4 for nonirradiated and 4–6 for TBI mice.
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of hemosiderin were primarily seen in the wall and peri-

arterial area of the large coronary arteries, but were also
occasionally seen in smaller arteries and arterioles.

DEARE in Kidney

The gold standard for radiation nephropathy is histopa-

thology, and radiation-induced histopathological injury
correlates closely with renal function assessed by blood

urea nitrogen (BUN) in rodents (20, 28). Both BUN and

histopathology showed the development of renal DEARE in
the H-ARS survivors analyzed in this study.

Renal function. BUN significantly increased over time in

irradiated mice (Fig. 5). No age-related elevation of BUN

was observed in the nonirradiated control mice.

Renal cortex pathology. The most apparent histological

abnormalities in kidneys of TBI mice are glomerulosclerosis

and interstitial fibrosis (20). The results presented in Table 2
show a progressive injury with both irradiation and aging. A

more quantitative assessment of glomerular and interstitial

fibrosis of renal cross sections stained with PSR (Supple-
mentary Fig. S5; http://dx.doi.org/10.1667/RR15130.1.S1)

was performed with morphometric methods similar to those

described by Farris et al. (23). Increased PSR staining was

apparent at 18 months in both nonirradiated and TBI mice

and was most obvious in the glomeruli of the TBI mice.

Quantification of the area stained for collagen indicated a

progressive increase in both nonirradiated and TBI mice

(Fig. 6). Relative to 6 months for nonirradiated mice, the

area of the renal cortex that stained positive for collagen was

increased 1.5-fold and threefold at 18 months in nonirra-

diated and TBI mice, respectively.

Renal arterial pathology. The abnormalities of the intima

and media that were readily apparent in the coronary arteries

were not seen in the renal arteries (Supplementary Fig. S6;

http://dx.doi.org/10.1667/RR15130.1.S1). Intimal cell den-

sity in renal arteries of irradiated mice averaged 7.49 6

1.01 nuclei per 100 lm luminal perimeter at 18 months

post-TBI compared to 9.63 6 0.09 in nonirradiated, age-

matched controls. This lack of effect on endothelial cells in

the renal arteries is consistent with previously published

studies in which it was reported that radiation-induced

vascular injury in the kidney is primarily limited to the

glomeruli (29, 30).

Renal arteriolar density. Quantification of kidney

arterioles showed an 18–26% reduction in mean number

in TBI compared to nonirradiated mice at the three time

points examined, but the difference was statistically

significant only at 18 months post-TBI (Fig. 7 and

Supplementary Fig. S7; http://dx.doi.org/10.1667/

RR15130.1.S1). No significant change in arteriole number

was detected with age in the nonirradiated mice.

Hemosiderin deposition in kidney. In the irradiated mice,

Perls’-positive staining was observed primarily in tubules of

the outer cortex (Supplementary Fig. S8; http://dx.doi.org/

10.1667/RR15130.1.S1). The regions stained with Perls’

were more diffuse than in the heart and the staining

appeared less intense. The area stained positively in high-

powered fields was quantified and plotted in Fig. 8. Perls’

staining appeared to be elevated at 4 months post-TBI,

reduced to near nonirradiated values in most TBI mice at 6

months (3 of 4) and then again elevated in 50% of the mice

(5 of 10) at 13 to 18 months post-TBI. The mice with the

greatest degree of renal Perls’ staining also had the highest

BUN levels. In the kidney, Perls’ staining was not observed

around large arteries or arterioles as was observed in the

heart.

FIG. 5. Blood urea nitrogen (BUN) in nonirradiated and TBI mice.
BUN was significantly elevated in TBI vs. age-matched nonirradiated
controls at 13–15 months (n¼ 12 nonirradiated; n¼ 10 TBI) and 18–
22 months (n¼8 nonirradiated; n¼9 TBI), but not at 4–7 months (n¼
16 nonirradiated; n ¼ 18 TBI).

TABLE 2
Renal Function and Histopathology

Time post-TBI:

Nonirradiated, age-matched controls TBI

4 months 6 months 13 months 18 months 4 months 6 months 13 months 18 months

Sclerosed glomeruli 0.00 0.00 0.00 1.00 0.00 0.25 0.50 0.71
Interstitial fibrosis 0.00 0.00 0.50 1.00 0.33 0.50 1.00 1.57
Total score 0.00 0.00 0.50 2.00 0.33 0.75 1.50 2.28
Average BUN 25 23 27 23 31 27 36 54

Notes. Histopathologic scores and BUN values were determined as described in Materials and Methods. n¼ 4 for each group and time from 4–
13 months post-TBI; n ¼ 3 for nonirradiated and 5 for TBI at 18 months post-TBI.
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Senescence, Inflammation and Oxidative Balance

Based on apparent differences observed in radiation-

induced vasculopathy in the heart and kidney, further

analyses were performed to identify the basic mechanisms

that might be responsible for these divergent histological

alterations. To this end, we evaluated p16INK4a and NADPH

oxidase subunit expression by qPCR to assess senescence

and oxidative balance, and F4/80 by immunostaining to

evaluate the presence of macrophages/inflammation, as

described below.

Heart and kidney senescence. Potential induction of

stress-induced cellular senescence due to TBI was assessed

in both heart and kidney by determining relative expression

changes of p16INK4a mRNA. A small but significant increase

in p16 expression was seen 7 months post-TBI in heart but
not in kidney (Fig. 9A). In contrast, at 22 months p16
expression was significantly increased in kidney, but not
heart (Fig. 9B). Relative fold changes for p16 at the two
time points were higher in kidney (;83) than in heart
(;23). An analysis of age effects on p16 expression in
nonirradiated mice indicated that relative to 7-month-old
controls, p16 increased threefold in kidney and ;5-fold in
heart at subsequent time points (data not shown). Thus,
while p16 expression increased with age, radiation exposure
caused an additional increase in cell senescence, with the
exception of heart at 22 months post-TBI.

Inflammation. The presence of macrophages in heart and
kidney was determined as an index of radiation-induced
inflammation. Assessment of F4/80-positive cells in
myocardium indicated an apparent increase post-TBI at 4
months (Supplementary Fig. S9A and B; http://dx.doi.org/
10.1667/RR15130.1.S1). The majority were located in the
interstitial space between myocytes, and not in the vascular
wall or in the perivascular space. Quantification of
myocardial F4/80-positive cells indicated that their number
was significantly increased at 4 months post-TBI (;83),
then declined by 13 months, although still elevated at that
time compared to age-matched nonirradiated controls (Fig.
10). By 18 months post-TBI myocardial macrophage
number was not different from numbers in nonirradiated
control tissues. No increase with aging was detected, as
macrophage numbers in nonirradiated mice did not vary
over time. In contrast to heart, the kidney had almost no
detectable macrophages (Supplementary Fig. S9C; http://dx.
doi.org/10.1667/RR15130.1.S1).

FIG. 6. Collagen area in the renal cortex. Average area stained with
PSR in renal cross sections of individual nonirradiated and TBI mice.
Each point represents an average of a minimum of eight images of the
renal cortex acquired at 4003. Collagen area increased with age in
both groups.

FIG. 7. Renal arteriolar density in TBI and nonirradiated mice.
Arterioles (a-actin positive vessels 10–25 lm in diameter) were
counted in five sections per mouse and normalized to the kidney tissue
section area (arterioles/1 3 105 lm2). n¼ 4 mice for 4 and 13 months;
n ¼ 6–7 mice for 18 months.

FIG. 8. Hemosiderin (Perls’ Prussian blue) in the renal cortex.
Individual averages are expressed as percentage total area for
nonirradiated and TBI mice at 4, 6, 13 and 18 months post-TBI.
The overall average was 0.041 6 0.0003% for nonirradiated vs. 2.06
6 0.016% (P ¼ 0.004 by ANOVA). Post hoc comparisons indicated
significance between nonirradiated and TBI at 18 months (P¼ 0.029).
n¼3 for 4 months, TBI; n¼6 for 18 months, nonirradiated and TBI; n
¼ 4 for all other time points.
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NADPH oxidase (Nox) subunit expression. Our previ-
ously published analysis of Nox2 mRNA expression in
heart showed increases at 9 and 21 months post-TBI relative
to nonirradiated controls (20), suggesting a contribution of
Nox to radiation-mediated abnormal reduction/oxidation
balance. In the current study, Nox2 subunit mRNA
expression, along with p47phox and Nox4, was determined
in both heart and kidney. Significantly increased expression
of all three Nox subunits relative to nonirradiated control
tissue was detected in heart 7 months post-TBI (Fig. 11A),
but not kidney (Fig. 11C). However, at 22 months post-TBI
only cardiac Nox4 was significantly increased relative to
nonirradiated tissue (Fig. 11B). In kidney, only p47phox
expression was elevated at 22 months post-TBI relative to
nonirradiated control tissue (Fig. 11D).

DISCUSSION

The results of our study in murine H-ARS survivors of
less than 9 Gy TBI demonstrate the presence of significant
vasculopathy by 4 months post-TBI. A major aspect of the
early vasculopathy is the loss of coronary endothelial cells.
This loss precedes renal dysfunction and interstitial fibrosis
and is followed by abnormalities in the arterial media and
adventitia and loss of intramyocardial arterioles.

Major differences exist between the heart and kidney in
terms of vasculopathy and also in indices of inflammation,
senescence and oxidative imbalance. Such differences in
pathobiology suggest a need for different medical counter-
measures for multiple targets in different organs and at
different times after acute radiation injury.

Loss of Coronary Artery Intimal Cells before Significant
Renal Dysfunction

Our results demonstrate a significant loss of endothelial
cells in coronary arteries that occurred by four months post-
TBI and persisted through 18 months post-TBI (Fig. 2A and
Supplementary Fig. S2; http://dx.doi.org/10.1667/
RR15130.1.S1). This aspect of cardiovascular DEARE
occurred before the development of renal dysfunction, as
assessed by elevated blood urea nitrogen which is not
significantly elevated until 13 months post-TBI in this
model.

This loss of coronary arterial endothelial cells in our study
is consistent with earlier reported studies of the effects of
higher doses of radiation on the arterial endothelium. In
locally irradiated canine femoral arteries (cumulative dose
.30 Gy), Fonkalsrud et al. (31) reported the earliest
manifestation of radiation injury to occur in the endothe-
lium. This injury included disruption of the nuclei and
localized sloughing of endothelial cells within 48 hours.
While repopulation of the intima occurred, the surface
remained irregular with incomplete coverage. In a review of
arterial injury resulting from therapeutic radiation, Himmel

FIG. 9. Assessment of radiation-induced cardiac and renal senescence. Relative expression changes for
p16INK4a mRNA were determined by real-time qPCR in heart and kidney tissues at (panel A) 7 months (n¼ 5–6)
and (panel B) 22 months (n ¼ 3–5) post-TBI and compared to age-matched nonirradiated tissues. Results are
expressed as relative fold change after normalization to HPRT.

FIG. 10. Assessment of cardiac inflammation. The presence of
macrophages was determined in TBI and age-matched nonirradiated
mouse heart left ventricle myocardium. Macrophage numbers/unit
area were determined by counting F4/80-positive cells in 16 fields/
section/mouse (2003) of heart tissue sections and normalizing to unit
area. n¼ 4 for 4 and 13 months, nonirradiated and TBI; n¼ 4 for 18
months, nonirradiated; n ¼ 7 for 18 months, TBI).
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and Hassett (32) reported the earliest changes to be
characterized by swelling and vacuolation of the endothelial
cytoplasm and subsequent nuclear fragmentation. More
recently in an experimental rat model with local irradiation
of the heart (15–20 Gy at 1.95 Gy/min), Boerma et al. (33)
reported endothelial cell loss in coronary arteries. The
relatively early radiation-induced loss of coronary arterial
endothelial cells, which precedes renal dysfunction, is
consistent with a fundamental role of the endothelium in
DEARE (14, 15),

Progression of Radiation-Induced Coronary Arterial/
Arteriolar Pathology

In addition to the loss of endothelial cells, coronary
arteries from our murine H-ARS survivors exhibited a
progressive increase in percentage medial collagen and
decrease in medial cell nuclear density (Figs. 1A and 2B,
respectively), which may result in loss of autoregulation as
well as thrombosis and ischemic injury.

Our observations of medial fibrosis in coronary arteries
postirradiation are consistent with previously studies of
human arteries and experimental models. Himmel and
Hassett reported degeneration of smooth muscle cells and
replacement by collagen to be a late effect in human arteries
exposed to therapeutic radiation (32). After local irradiation
of canine femoral arteries, Fonkalsrud et al. (31) observed
late medial effects including focal necrosis and dense

fibrosis. Boerma et al. (33) reported smooth muscle cell loss

and medial and adventitial fibrosis in rat coronary arteries

after local irradiation.

We also observed significant injury in small coronary

arterioles in the TBI mice. A significant loss (.50%) of

small arterioles (�25 lm) occurred by 13 months post-TBI

(Fig. 3). To our knowledge, this is the first report of such a

radiation effect at TBI doses ,9 Gy. Microvascular

rarefaction induced by ionizing radiation has been previ-

ously reported in experimental models in rabbits, rats and

mice (8, 27, 34, 35). Myocardial capillary density indices

were found to be reduced after local irradiation of the heart

at doses �10 Gy in rats and rabbits (34, 35) with the effect

at 10 Gy being transient (34). Seeman et al. (27) observed a

dose- and time-dependent alteration in microvascular

density (CD31-positive vessels up to ;15 lm diameter)

after local irradiation in mice. They reported a transient

increase at doses of 2 and 8 Gy, but not after 16 Gy at 20

weeks postirradiation. Reductions in myocardial microvas-

cular density of ;25%, were observed at 40 weeks in 16 Gy

irradiated mice and at 60 weeks in 9 Gy irradiated mice.

Baker et al. (8) observed a 32% decrease in the density of

small coronary arterioles 4 months postirradiation in rats

that were treated with 10 Gy TBI followed by bone marrow

transplantation but not in rats that received local 10 Gy

irradiation to the heart.

FIG. 11. Nox subunit expression changes postirradiation. Changes in Nox subunit mRNA expression were
assessed by real-time qPCR as an indicator of oxidative balance in heart and kidney of TBI mice at 7 months
(panels A and C) and 22 months (panels B and D) post-TBI relative to age-matched nonirradiated controls.
Results are expressed as relative fold change after normalization to HPRT. n ¼ 4–6 mice for all groups.
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Our results of a .50% reduction in coronary arteriolar
density at 13 months after 8.5 Gy TBI are consistent with
the dose- and time-dependent effects of radiation on
vascular injury (13).

The progressive vasculopathy observed in the coronary
arteries and arterioles is associated with reduced endothelial
nitric oxide synthase expression (8), senescence (17) and
denudation [Fig. 1A and as reported by Boerma et al. (33)].
As BUN elevation was coincident with the later coronary
arterial vasculopathy, renal disease may also have been a
contributing factor (6, 9). The arteriolar injury and loss add
to the larger arterial injury, and are likely to cause an
ischemic cardiomyopathy. We did not have myocardial
function studies to confirm that, however.

Perls’ Prussian Blue and Hemosiderin

We observed hemosiderin deposits in the heart and
kidney of our murine H-ARS survivors. In the heart,
hemosiderin was observed as small focal deposits in the
epicardium, myocardium, arterial wall and perivascular
space. Hemosiderin in the kidney was more diffuse and
located primarily in renal tubules. The focal deposits in the
heart are consistent with those reported by Seemann et al.
(34) of iron-containing macrophages in the epicardium and
myocardium at 5 months after local heart irradiation at 8 Gy
and 10 months after 2 and 8 Gy. Preliminary data (not
shown) from experiments co-localizing Perls’ and F4/80
staining, along with morphological assessment, indicated
that at least 40% of the Perls’ staining in heart was
associated with iron-containing macrophages. The hemo-
siderin observed in renal tubules is consistent with a process
reported by Alfrey et al. (36–38) that occurs after
glomerular injury; increased capillary permeability results
in leakage of transferrin followed by the dissociation of iron
in the acidic tubular fluid and then iron absorption by the
tubular cells.

Because the Perls’ staining of tubules also could indicate
the presence of lipofuscin, additional staining with the AFIP
method was performed. Results (not shown) indicated
variable intensity of AFIP lipofuscin staining in limited
areas of the kidney tubules at 18 months post-TBI, but not
at earlier time points. Similar results were seen in heart, with
minimal AFIP lipofuscin staining detectable only at 18
months and staining did not correlate with areas positive for
Perls’. Further work is warranted with an alternative
technique to investigate the potential presence of lipofuscin
at earlier times post-TBI.

While Cohen et al. (18) demonstrated that the iron
chelator deferiprone did not mitigate radiation-induced
nephropathy, additional studies are warranted to determine
if hemosiderin, such as observed in our murine model, is
simply an indication of vascular injury or if there is some
degree of radiation-induced iron-mediated injury, especially
to endothelium (39, 40), that could be mitigated by
appropriate therapies. Serum iron elevation has been

reported in humans (41) and mice (42, 43) post-TBI, and
could act through reactive oxygen species (ROS) to injure
the vasculature and induce heart and kidney disease (36, 44,
45). Thus, serum iron and its relationship to development of
DEARE-related pathology and dysfunction also deserves
further study.

Renal Arterial and Arteriolar Injury Less than Observed in
Heart

The prominent vascular effects of endothelial cell loss,
medial degeneration and fibrosis in the coronary arteries
was not seen in renal arteries, and renal arteriolar density
was only significantly reduced at 18 months post-TBI (Fig.
7). This suggests that these renal vessels are less sensitive to
radiation injury than similar-sized coronary vessels, consis-
tent with a published review of in vivo endothelial cell
sensitivity to radiation injury (46). This hypothesis is
supported by studies showing coronary vessel injury from
8–16 Gy delivered locally or by TBI and studies in the
kidney which have reported the rarity of renal arterial and
arteriolar injury by locally delivered single radiation doses
from 9.8 Gy in pigs (30) and 11–19 Gy in mice (29). This
contrasts with the glomular capillaries, which have distinct
injury after local irradiation and TBI at doses �10 Gy (47).

Contrast of Heart And Kidney DEARE: Senescence,
Inflammation and Redox Imbalance

Senescence. Based on the results of our histological
analyses, as well as previously published studies showing
evidence of radiation-induced inflammation and oxidant
stress, we sought to determine whether stress-induced
senescence occurred in heart and kidney. Our results
demonstrated a significant increase in heart senescence as
assessed by p16INK4a expression as early as 7 months post-
TBI. In contrast, significant increases in kidney p16 did not
occur until 22 months post-TBI compared to nonirradiated
mice.

While cellular senescence is a consequence of aging,
irradiation may lead to stress-induced premature senescence
in tissues, including heart (48). An early increase in
senescence is significant because it is associated with
decreased vascular function as well as increased oxidant
stress, NF-jB activation, and inflammation (17). Several
studies using moderate to high doses of radiation have
shown induction of senescence in cultured endothelial cells
from a variety of tissues (17), but much less is known in
vivo. Recent evidence indicates induction of cardiac
endothelial cell senescence after local heart X-ray irradia-
tion at 8 or 16 Gy (49), and 6 Gy TBI results in a small
increase in senescent cells in heart (50). The early increase
in p16 we detected in heart appears to be similar in extent to
that shown in geriatric mice (51), and thus is consistent with
stress-induced early senescence and the notion that radiation
exposure induces a state of accelerated aging (52) (see Fig.
12). The reason for the delayed p16 increase in kidney is
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unclear, but correlates with the time scale of onset of
pathology development as well as the elevation of BUN.
Future work is needed to confirm senescence with
additional markers such as beta galactosidase, to examine
earlier time points and to identify the specific cell types
involved.

Inflammation. Our results with mouse heart showed an
early, highly significant increase in myocardial macrophag-
es with a decrease by 13 months post-TBI, then a decline to
control numbers by 18 months. In contrast, macrophages
were essentially undetectable in kidney post-TBI, even at 4
months.

Inflammation is thought to be a major contributor to the
development of cardiovascular disease, including fibrosis
(11, 48). An early and sustained inflammatory response
postirradiation has been suggested as a primary mechanism
for development of long-term vasculopathy (53). Our results
in heart are consistent with the role of inflammation in the
development of cardiovascular DEARE, and suggest
increased numbers of macrophages function as an early
event to initiate subsequent development of cardiac
pathologies. The observation of few macrophages in kidney
is consistent with studies in other models suggesting a
limited role for radiation-mediated inflammation in kidney
(54, 55).

Redox imbalance. Because redox imbalance and resultant
oxidant stress has been shown to be associated with
inflammation and senescence after irradiation, we evaluated
NADPH oxidase (Nox) expression changes in our mouse
tissues post-TBI. The current results showed differential

tissue and temporal Nox expression changes, with all Nox
subunits increased in heart, but not kidney, at 7 months
post-TBI. Differential expression occurred at 22 months
post-TBI, with Nox4 elevated in heart and p47phox in
kidney. These kidney data are consistent with previously
published studies showing no role for oxidant stress-
induced damage up to 17 weeks postirradiation (18).

Elevated ROS production occurs within milliseconds of
radiation exposure (56), but little is known about the role of
persistent, ongoing oxidant stress in DEARE, especially in
the cardiovascular system. The role of chronic persistent
oxidative stress is much discussed but not well proven (18,
19, 57). A primary source of ROS in vasculature is NADPH
oxidase (Nox), which is present in various isoforms. While
Nox activity is necessary for normal vascular redox
signaling function (58–60), its expression is increased in
arterial disease and overexpression is associated with
oxidant stress, vascular dysfunction and pathology (61–
63). We previously showed an increase in Nox2 mRNA
expression associated with cardiovascular DEARE post-TBI
at ,10 Gy (20), and the current data extend these results to
p47phox and Nox4 in heart and kidney.

Since the p47phox subunit is a key regulator of Nox2
activity, it is possible that Nox2 may be a source of ROS in
kidney at the later time point even though its expression was
not altered. However, elevated ROS at 22 months after
irradiation may be a result, rather than a cause, of
pathological changes. Overexpression of Nox2 in endothe-
lium has been linked with increased cardiac fibrosis and
inflammation in the context of renin-angiotensin activation

FIG. 12. Approximate timeline for DEARE progression from 4 to 22 months post-TBI for the various
described pathophysiologies in heart vs. kidney. Those that were apersistent, bprogressive or cconsistent with
accelerated aging are noted in the figure.
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(64). Nox4 is important for normal kidney function and is
also associated with renal dysfunction and disease (65), but
our results do not suggest a significant role for Nox4 in
kidney post-TBI. Senescent endothelial cells produce
increased levels of ROS, due in part to Nox, and the early
elevated Nox4 detected in heart is consistent with the early
increase in p16INK4a expression. Elevated Nox4 has been
shown to be associated with senescence in murine
hematopoietic stem cells 8 weeks after 6.5 Gy TBI (66).
Nox4 also is thought to be a primary source of hydrogen
peroxide, which is associated with cardiovascular disease in
humans (67). Thus, Nox4-derived peroxide may be an
important source of ROS in heart to investigate at both early
and late DEARE time points, as it may participate both in
initiation and sustainment of oxidant stress. Increased Nox
also have been linked to mitochondrial oxidant stress (68) as
well as NF-jB activation (69), consistent with current
results. Further studies are needed to provide cellular
localization of specific Nox subunits in irradiated mice, and
to determine the ability of Nox ablation or inhibitors to
prevent the development of cardiovascular DEARE.

In conclusion, these studies have determined the temporal
relationships in the development of vasculopathy and the
progression of renal and cardiovascular DEARE and
presence of markers of senescence, inflammation and redox
imbalance in a murine H-ARS model at survivable TBI
doses of ,9 Gy (Fig. 12). Our findings demonstrate that
radiation doses near the LD50/30 in H-ARS result in: 1.
progressive renal and cardiovascular DEARE; 2. early
vascular injury, especially in the heart, with loss of
endothelial cells and associated with tissue iron accumula-
tion; 3. progressive vasculopathy characterized by loss of
arterioles and fibrosis of media and perivascular space; and
4. organ differences in radiation-induced tissue senescence,
inflammation and oxidative imbalance. These results
provide important insight regarding potential mitigators
and appropriate times for their administration.

SUPPLEMENTARY INFORMATION

The supplementary information includes representative
images of heart and kidney histology as well as immuno-
histochemistry that are relevant to the data presented in the
figures.

Table S1. Mouse gender and body mass data. Separate
sets of mice were used for experiments related to histology/
immunohistochemistry and quantitative PCR. Groups
within these categories are presented as months post-TBI,
and individual data for gender and body mass (g) are given
for all age-matched nonirradiated and TBI mice.

Fig. S1. Representative images of coronary artery cross
sections stained with PSR (top 4 panels) and a-smooth
muscle actin (bottom 4 panels) from TBI and nonirradiated
age-matched control mice at 4 and 18 months post-TBI. The
peri-arterial PSR staining increased with time in both
nonirradiated and TBI mice, whereas medial PSR staining

increased only in the TBI mice. Immunohistochemical
staining of coronary artery cross sections with a-smooth
muscle actin demonstrated gaps between adjacent vascular
smooth cells in mice at 18 months post-TBI that were not
observed at earlier time points. These results suggest that
late effects of TBI include medial expansion due to collagen
deposition. All images were acquired at 4003; scale bar ¼
50 lm.

Fig. S2. Representative images (4003) of H&E stained
left coronary artery cross sections from TBI and nonirra-
diated age-matched control mice at 4 and 18 months post-
TBI. Arrows indicate the location of intimal nuclei, which
were reduced in number in the TBI mice at all ages. There
was no apparent decrease in the number of medial cell
nuclei. The intimal cell nuclei were all consistent with an
endothelial phenotype. Some of the medial cells were
binucleate (see asterisk), an indication of senescence.

Fig. S3. Representative images (4003) of a-actin-positive
arterioles in TBI and age-matched nonirradiated myocardi-
um at 13 months post-TBI. Images were acquired from
formalin-fixed paraffin-embedded sections of heart reacted
with an antibody to a-smooth muscle cell actin, as described
in Materials and Methods, and used to determine arteriolar
density. Arteriole numbers per unit area in the left ventricle
of TBI mice decreased significantly at 13 months compared
to nonirradiated controls, and similar results were obtained
at 18 months post-TBI.

Fig. S4. Representative images of left ventricle and
coronary artery cross sections stained with Perls’ Prussian
blue from TBI and age-matched nonirradiated control mice
at 4 months post-TBI, and additional TBI tissues at 6 and 18
months. All images were acquired at 4003. Perls’-positive
regions (hemosiderin deposits) were observed in the
myocardium and coronary arteries of TBI mice. Sites of
deposition included the myocardium and epicardium and, in
arteries, the peri-arterial space, medial layer and intima.

Fig. S5. Representative images of the renal cortex stained
with PSR in TBI and age-matched nonirradiated control
mice at 6, 13 and 18 months postirradiation. All images
were acquired at 4003; scale bar ¼ 50 lm (shown in the
panel labeled 18 months nonirradiated) applies to all
images. Increased PSR staining in the renal cortex was
observed first in the glomeruli of TBI mice and later (18
months) in the interstitium, especially in regions of tubular
atrophy.

Fig. S6. Representative images of PSR (top 4 panels;
4003) and H&E stained cross sections (bottom 2 panels) of
renal arteries from TBI and age-matched nonirradiated
control mice. Fewer renal arteries were available for
analysis than coronary arteries as not all kidney sections
were obtained at the location which contained these arteries.
In the PSR-stained sections, some renal arteries from TBI
mice appeared to have more collagen in the adventitia and
media at later times post-TBI; however, there was
significant variation within and between mice of both the
nonirradiated and TBI groups. As shown in the H&E
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stained sections (bottom 2 panels), no striking differences
were observed in intimal cell nuclear number for either large
arteries or arterioles, contrary to what was observed in the
heart.

Fig. S7. Representative images (4003) of a-actin positive
arterioles in TBI and age-matched nonirradiated renal cortex
at 18 months. Images were acquired from formalin-fixed
paraffin embedded sections of kidney reacted with an
antibody to a-smooth muscle cell actin as described in
Materials and Methods and used to determine arteriolar
density. A decrease in arteriole number per unit area was
significant only at 18 months post-TBI.

Fig. S8. Representative images of kidney cross sections
stained with Perls’ Prussian blue from TBI and age-matched
nonirradiated control mice. Perls’ staining was significantly
elevated in the renal cortex of most irradiated mice at 4
months post-TBI, was reduced to near-nonirradiated values
in most TBI mice at 6 months (3 of 4) and then became
elevated in 50% of the mice (5 of 10) at 13–18 months post-
TBI. Perls’ staining was observed primarily in the tubules of
the superficial cortex region, but not all tubules within a
region exhibited staining. Staining was also observed in
some glomeruli at later time points. Perls’ positive staining
or deposits of hemosiderin were not observed in the renal
arteries, even when the arteries were surrounded by tubules
with hemosiderin.

Fig. S9. Representative images (4003) of macrophages in
cross sections of heart and kidney reacted with the F4/80
antibody. Panel A: Age-matched nonirradiated mouse heart
left ventricle had an extremely low macrophage density.
Panel B: Four-months post-TBI, mouse heart left ventricle
demonstrated a significantly increased number of macro-
phages (arrows) compared to nonirradiated controls. Panel
C: Renal macrophages were essentially undetectable at any
time point in nonirradiated kidney sections and only
occasionally in TBI tissue (shown here are images at 4
months post-TBI).
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