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Abstract

Delayed radiation myelopathy is a rare, but significant late side effect from radiation therapy

that can lead to paralysis. The cellular and molecular mechanisms leading to delayed

radiation myelopathy are not completely understood, but may be a consequence of damage to
oligodendrocyte progenitor cells and vascular endothelial cells. Here, we aimed to determine the
contribution of endothelial cell damage to the development of radiation-induced spinal cord injury
using a genetically defined mouse model in which endothelial cells are sensitized to radiation due
to loss of the tumor suppressor p53. Tie2Cre; p53FL/* and Tie2Cre; p53FY~ mice, which lack

one and both alleles of p53 in endothelial cells, respectively, were treated with focal irradiation
that specifically targeted the lumbosacral region of the spinal cord. The development of hindlimb
paralysis was followed for up to 18 weeks after a single fraction of 26.7 Gy or 28.4 Gy. During 18
weeks of follow-up, 83% and 100% of Tie2Cre; p53FL/~ mice developed hindlimb paralysis after
26.7 and 28.4 Gy, respectively. In contrast, during this period only 8% of Tie2Cre; p53FL/* mice
exhibited paralysis after 28.4 Gy. In addition, 8 weeks after 28.4 Gy the irradiated spinal cord from
Tie2Cre; p53FL/~ mice showed a significantly higher fractional area positive for the neurological
injury marker glial fibrillary acidic protein (GFAP) compared with the irradiated spinal cord

from Tie2Cre; p53F* mice. Together, our findings show that deletion of p53 in endothelial cells
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sensitizes mice to the development of delayed radiation myelopathy indicating that endothelial
cells are a critical cellular target of radiation that regulates myelopathy.

INTRODUCTION

Radiation myelopathy is a rare but severe late toxicity of radiation exposure to the spinal
cord. The clinical latency period is usually at least 6 months, with one series reporting

a mean latency of 18.5 months after radiation therapy (1). The neurologic deficits are
typically progressive and irreversible, ranging from minor paresthesia to Brown-Sequard
syndrome with paralysis (2). Factors affecting the risk of radiation myelopathy include dose-
fractionation, volume of spinal cord irradiated, and dose rate. For example, a QUANTEC
review reported a <0.2% risk following 50 Gy in 25 fractions to the full cord and <1%

risk following 13 Gy single fraction to the partial cord (3). Animal studies have reported an
EDsg, or dose causing paralysis in 50% of animals, ranging from approximately 20 to 90 Gy
in a single fraction depending on the volume of the spinal cord irradiated (4).

The pathogenesis of late radiation myelopathy has been suggested to be caused by white
matter necrosis due to cell death of oligodendrocyte progenitor cells (OPCs) and/or vascular
endothelial cells (5,6). In a boron neutron capture therapy study in rats where radiation

was delivered preferentially to the vasculature, injury of endothelial cells rather than OPCs
appeared to be the primary cause of white matter necrosis (5,7). However, it is not clear if
endothelial cell damage is sufficient to cause radiation-induced myelopathy (8,9).

The goal of this study is to define the role of endothelial cell damage in regulating radiation-
induced myelopathy by using genetically engineered mice in which endothelial cells are
sensitized to radiation due to the loss of the tumor suppressor p53 (10-13). We previously
defined an essential role for p53 in protecting cardiac endothelial cells from radiation

(10). We observed that deletion of both alleles of p53 in endothelial cells sensitizes mice

to myocardial injury and delayed gastrointestinal injury following whole heart and whole
abdominal irradiation, respectively (10,13). Here, we applied this genetically defined model
to investigate the role of endothelial cell injury in regulating myelopathy following a single
fraction of focal spinal irradiation.

MATERIALS AND METHODS

Experimental animals.

Animal procedures were approved by the Institutional Animal Care and Use Committee

at Duke University. Animal experiments were conducted using 8 to 12 week old Tie2Cre;
p53FL/~ mice and Tie2Cre; p53FL/* littermates, which have been characterized previously
(10). Both males and females were used in the study (Supplementary Table 1). Mouse
genotyping was performed by Transnetyx (Cordova, TN). The development of hindlimb
paralysis was examined by a rotarod performance test every two weeks. Mice were defined
as paralyzed if they that had riding time less than 60 seconds on a rotating rotarod apparatus
(Supplementary Video 1) or showed clinically apparent hindlimb paralysis.
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Radiation treatment.

Histology.

Spinal cord irradiation was performed using a small animal irradiator, X-RAD 225Cx
(Precision X-Ray). The commissioning of this machine and the accuracy of image guided
radiation treatment delivery was described previously (14,15). Prior to irradiation, mice
received isoflurane anesthesia and were positioned supine on the treatment stage. The spinal
treatment plan consisted of a single 180-degree arc, which began with the beam entering
laterally on the left side of the supine mouse (90-degree gantry angle) and proceeding
clockwise with the beam moving under the couch to finish entering laterally on the right
side of the mouse (270-degree gantry angle). The isocenter was placed in the lumbosacral
spine with onboard fluoroscopy using 40 kVp (2.5 mA) X-rays and a 2 mm Al imaging
filter. Radiation to the spine was delivered with 225 kVp (13 mA) X-rays and a 3 mm Cu
treatment filter. The beam was collimated with a Cu portal yielding an 8x12 mm rectangular
field. The dose rate at isocenter was estimated to be 2.84 + 0.39 Gy/min, which was assessed
by Gafchromic EBT film measurement in a simplified geometry as illustrated in Figure 1.
The bean-on time of 564 seconds and 600 seconds was used to deliver 26.7 Gy and 28.4 Gy,
respectively.

Mice were euthanized by CO, asphyxiation before tissue collection. Spinal cord was
harvested using an ejection method described previously (16). To prepare paraffin-embedded
tissues, tissues specimens were fixed in 10% neutralized formalin overnight, preserved

in 70% ethanol, and then cut into 6 pieces before being embedded in paraffin. For
immunohistochemistry (IHC) staining, sections cut from paraffin embedded tissues were
deparaffinized with xylene and rehydrated with a graded series of ethanol and water washes.
Antigen retrieval was performed by a Citrate-based Antigen Unmasking Solution (Vector
Laboratories, H-3300-250) followed by staining with an anti-glial fibrillary acidic protein
(GFAP) antibody (Agilent Dako, Z0334) or an anti-Phospho-Histone H2A.X (Ser139)
(gamma-H2AX) antibody (Cell Signaling Technologies #9718). Corresponding secondary
antibodies (\Vector Laboratories) were used according to manufacturer’s instruction. The
staining signal was developed using VECTASTAIN Elite ABC reagent in combination with
Vector DAB Substrate (Vector Laboratories).

To quantify the area of the spinal cord stained positive for GFAP, images of lumbosacral
sections were acquired at 5x magnification to capture the entire section. An in-house
MATLAB image segmentation script was used to measure the total area of each spinal cord
section and the area of each spinal cord section stained positive for GFAP. Quantification
was conducted by a single observer (S.S.) blinded to the genotype.

Statistical considerations.

Kaplan—Meier estimate was performed followed by the log-rank test. Pairwise comparisons
of quantitative phenotypes were based on the Mann-Whitney U test. Data are presented as
mean + SEM and each data point represents one mouse. We considered the evidence against
a null hypothesis to be significant if the unadjusted p-value for the corresponding test was
less than 0.05. GraphPad Prism 9 (GraphPad Software, Inc.) was used for carrying out these
statistical analyses.
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To focally irradiate the spinal cord while minimizing dose to nearby normal tissues, we
used a single 180-degree arc to deliver X-rays targeting an 8x12 mm rectangular field

of the lumbosacral region of the spinal cord. The spinal cord volume was contoured on

a representative CT, and a representative dose-volume histogram is shown in Figure 2A.
The treated volume included approximately 20% of the spinal cord and excluded most
of the surrounding organs including the kidneys, liver, bladder, and small bowel (Figure
2, A and B). To validate the precision of spinal cord irradiation, we stained the spinal
cord harvested 30 minutes after 26.7 Gy with a DNA damage marker gamma-H2AX. We
observed substantially stronger gamma-H2AX staining on the tissue sections inside the
irradiation field compared with the tissue sections outside the irradiation field (Figure 2C).
Collectively, these results demonstrate that the treatment plan precisely irradiates a small
volume of the murine spinal cord to study radiation-induced myelopathy.

To determine the impact of endothelial cell injury on the formation of radiation-induced
myelopathy, we delivered either 26.7 Gy or 28.4 Gy X-rays to the spinal cord of Tie2Cre;
p53FL/~ mice, which lack both alleles of p53 in endothelial cells, and Tie2Cre; p53FL/*
mice, which retain one functional allele of p53 in endothelial cells. These radiation doses
were selected based on results from published preclinical studies that examine spinal cord
tolerance to radiation in research animals (4). None of the irradiated mice showed mortality
within 30 days after irradiation due to the acute radiation syndrome (Figure 3A). Mice were
followed for the development of hindlimb paralysis for up to 18 weeks after irradiation.
This follow-up time was chosen because Tie2Cre; p53FL/~ mice can start to develop thymic
lymphoma as both alleles of p53 are also deleted in the majority of hematopoietic cells by
Tie2Cre (10,17). We observed that the incidence of radiation-induced hindlimb paralysis
was significantly higher in Tie2Cre; p53FL/~ mice compared with Tie2Cre; p53F-/* mice
following both 26.7 Gy and 28.4 Gy (Figure 3A). The incidence of paralysis after 26.7

Gy was 83% (10 out of 12) for Tie2Cre; p53FL/~ mice and 0% (0 out of 8) for Tie2Cre;
p53FL/* mice, while the incidence of paralysis after 28.4 Gy was 100% (9 out of 9) for
Tie2Cre; p53FL/~ mice and 8% (1 out of 12) for Tie2Cre; p53FL/* mice. No statistically
significant difference in paralysis-free survival was observed between male and female
Tie2Cre; p53FL/~ mice after either 26.7 or 28.4 Gy (Supplementary Figure 1).

Examination of mice that developed paralysis showed that spinal cord sections from the
lumbosacral region exhibited neuronal loss and gliosis within the anterior horns of the spinal
cord, while the neurons within the dorsal horns were relatively unaffected (Figure 3B). In
addition, we examined reactive astrogliosis, a process in which astrocytes respond to injury
in the central nervous system, in the lumbosacral spinal cord from Tie2Cre; p53FL/~ and
Tie2Cre; p53FL/* mice 8 weeks after 28.4 Gy by staining with GFAP, a classic marker for
reactive astrocytes (18,19). Our results showed a substantial increase in GFAP+ cells in

the lumbosacral spinal cord from irradiated mice compared to unirradiated controls (Figure
3C). Moreover, the GFAP+ fractional area was significantly higher in the lumbosacral spinal
cord of irradiated Tie2Cre; p53FL/~ mice compared with irradiated Tie2Cre; p53FL/* mice

8 weeks after 28.4 Gy (Figure 3D). Together, our results demonstrate that sensitization of
endothelial cells to radiation promotes delayed radiation myelopathy in mice.
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DISCUSSION

Both OPCs and endothelial cells have been implicated in the pathogenesis of radiation
myelopathy. In rat models, <1% of OPCs survive within 6 weeks following a single 15-40
Gy fraction to the spinal cord (8,20). Dose-dependent recovery and a second decline in
OPC:s has also been observed at 12 weeks and 4-5 months after radiation, respectively

(8). Interestingly, OPCs of mice may be more radioresistant as 30-35% OPCs survive
weeks following 40 Gy to the spinal cord in adult C57BL/6J mice (20). One study in rats
suggested that cell death of oligodendrocytes may not initiate late radiation myelopathy
because a decrease in oligodendrocyte density was observed at 24 hours and up to 20
weeks following both a non-paralytic dose of 8 Gy and a paralytic dose of 22 Gy (21).

On the other hand, pathologic studies in rats using a single fraction of 25-30 Gy showed
significant endothelial cell loss and disruption of the blood-spinal cord barrier at 14-90 days
after radiation, which preceded white matter changes and neurologic deficits (22,23). In
addition, the aforementioned boron neutron capture study also provided evidence indicating
that endothelial cell loss is the primary driver that initiates radiation myelopathy (7).

Other investigators have previously reported the role of p53 in regulating the pathologic
changes of the spinal cord 24 hours after irradiation. For example, one study showed that
22 Gy irradiation to the spinal cord of p53*/* mice resulted in apoptosis of oligodendrocytes
at 24 hours (24). This apoptotic response was absent in p53~~ mice, suggesting that p53

is necessary to cause early oligodendrocyte apoptosis following irradiation. On the other
hand, early radiation-induced apoptosis of endothelial cells appears to rely on the acid
sphingomyelinase (ASMase) pathway instead of p53 (24-26). A previous study in mice
reported that following 50 Gy radiation to the spinal cord, ASMase*/*, p53*/*, and p53™/~
mice all exhibited a similar degree of endothelial cell loss and blood-spinal cord barrier
disruption, while ASMase™~ mice were reported to show preserved endothelial cell number
with no blood-spinal cord barrier leakage (26). In contrast to the above studies, which were
conducted at 24 hours following radiation to study early radiation injury of the spinal cord,
results from our experiments that examined paralysis of Tie2Cre; p53FL/~ and Tie2Cre;
p53FL* mice following spinal cord irradiation demonstrate that deletion of both alleles of
p53 in endothelial cells is sufficient to sensitize mice to delayed radiation myelopathy.

To focally irradiate the spinal cord, we utilized a 180-degree arc treatment plan that
minimizes radiation dose to surrounding normal tissues including the kidneys, liver, bladder,
and small bowel compared with the parallel-opposed beams typically employed in animal
models. To estimate the radiation dose delivered by arc treatment to the isocentric point, we
developed a novel approach to perform dosimetry using Gafchromic EBT film measurement
in a simplified geometry. The advantage of this set-up is that any uncertainties associated
with angular dependency of EBT film response is removed from the measurement. There
are several uncertainties in this dose measurement, including the assumption of a water
equivalent mouse, the estimation of the average separation along the arc, the variability
between mice, isocenter placement between mice, and uncertainties in calibrating EBT3
film. Nevertheless, our approach provides a novel and straightforward way to conduct
dosimetry of arc radiation treatment for small animal studies.
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This study has several limitations. First, mice were only followed for up to 18 weeks after
irradiation. Therefore, it is not clear whether sensitization of endothelial cells to radiation
would also increase the overall incidence of radiation-induced myelopathy because Tie2Cre;
p53FL/* littermate controls could develop hindlimb paralysis months later (4). Second,
Tie2Cre causes recombination of the p53 allele in both endothelial cells and hematopoietic
cells (10). Because deletion of p53 in hematopoietic cells augments inflammatory responses
due to the loss of p53-mediated NF-xB suppression (27), it is possible that enhanced tissue
inflammation also contributes to the phenotype of accelerated radiation-induced myelopathy
that we observed in Tie2Cre; p53FL/~ mice. Nevertheless, our results in this study have
established a robust mouse model that we can use to investigate the role of endothelial cells
in regulating the spinal cord tolerance and the alpha/beta ratio of the spinal cord in the
future.

In sum, our results demonstrate that mice in which both alleles of p53 are deleted

in endothelial cells are sensitized to delayed radiation myelopathy. This observation is
consistent with our previously published studies showing that deletion of p53 in endothelial
cells promotes the development of radiation-induced myocardial injury (10) and radiation-
induced delayed intestinal injury (13). Together, these findings demonstrate that p53
functions in endothelial cells to prevent the development of radiation-induced late effects
in multiple organs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Estimation of the radiation dose delivered to the spinal cord.
The delivered dose to the isocentric point (positioned on the spinal cord) was estimated

by Gafchromic EBT film measurement in a simplified geometry. The average separation
along the arc was calculated to be 8.0+0.5mm from the planning CT data (i.e. the average
skin-to-isocenter distance). A small water phantom was then constructed with a 3D printed
slot to hold a 40x40mm piece of EBT3 film at exactly 8.0mm up from the base of the water
bath. The treatment delivery was then given to the phantom (isocenter placed on the film) in
the exact same way as to the mouse, except that the gantry was fixed at 180 degrees for the
entire duration of irradiation.
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Figure 2.
Treatment plan for murine spinal cord irradiation. (A) Dose-volume metrics of the spinal

cord for a single dose of 26.7 Gy focal irradiation. (B) Prescription isodose lines on a
representative CT in the axial (top left), sagittal (bottom left), and coronal (right) planes.

(C and D) Immunohistochemistry staining for gamma-H2AX, a biomarker for DNA double-
strand breaks, on tissue sections of the spinal cord from unirradiated (C) and irradiated (D)
areas of the same mouse. Scale bar represents 100 pm.
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8 weeks after 28.4 Gy A

Survival and histology of mice that received focal irradiation to the spinal cord. (A)

Kaplan-Meier survival analysis of Tie2Cre; p53FL/* and Tie2Cre; p53FL/~ mice after a
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single fraction of 26.7 Gy or 28.4 Gy spinal cord irradiation. P-value was calculated by
log-rank test. (B) Representative images of H&E-stained lumbar section of the spinal cord
from a Tie2Cre; p53FL/~ mouse without irradiation (No IR) or a Tie2Cre; p53FL/~ mouse
that developed hindlimb paralysis 8 weeks following 28.4 Gy. (C) Representative images
of immunohistochemistry staining of GFAP, a marker for reactive astrocytes, on the lumbar
section of the spinal cord from mice without irradiation (No IR) or 8 weeks after 28.4 Gy.
(D) Quantification of the lumbar section of the spinal cord stained with GFAP. The spinal
cord was harvested from Tie2Cre; p53FL* and Tie2Cre; p53FL/~ mice 8 weeks after 28.4
Gy. The GFAP fractional area was calculated as the area stained positive for GFAP over the
total area of the spinal cord. Data are presented as mean + SEM. Each dot represents one

mouse. *p<0.05 by Mann-Whitney U test.
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