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Persistent vasculature abnormalities contribute to an
altered CNS microenvironment that further compromises the
integrity of the blood-brain barrier and exposes the brain to a
host of neurotoxic conditions. Standard radiation therapy at
conventional (CONYV) dose rate elicits short-term damage to
the blood-brain barrier by disrupting supportive cells,
vasculature volume and tight junction proteins. While current
clinical applications of cranial radiotherapy use dose fraction-
ation to reduce normal tissue damage, these treatments still
cause significant complications. While dose escalation enhanc-
es treatment of radiation-resistant tumors, methods to subvert
normal tissue damage are clearly needed. In this regard, we
have recently developed a new modality of irradiation based
on the use of ultra-high-dose-rate FLASH that does not induce
the classical pathogenic patterns caused by CONV irradiation.
In previous work, we optimized the physical parameters
required to minimize normal brain toxicity (i.e., FLASH,
instantaneous intra-pulse dose rate, 6.9 - 10° Gy/s, at a mean
dose rate of 2,500 Gy/s), which we then used in the current
study to determine the effect of FLASH on the integrity of the
vasculature and the blood-brain barrier. Both early (24 h, one
week) and late (one month) timepoints postirradiation were
investigated using C57Bl/6] female mice exposed to whole-
brain irradiation delivered in single doses of 25 Gy and 10 Gy,
respectively, using CONV (0.09 Gy/s) or FLASH (>10°¢ Gy/s).
While the majority of changes found one day postirradiation
were minimal, FLASH was found to reduce levels of apoptosis
in the neurogenic regions of the brain at this time. At one week
and one month postirradiation, CONV was found to induce
vascular dilation, a well described sign of vascular alteration,
while FLASH minimized these effects. These results were
positively correlated with and temporally coincident to
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changes in the immunostaining of the vasodilator eNOS
colocalized to the vasculature, suggestive of possible dysregu-
lation in blood flow at these latter times. Overall expression of
the tight junction proteins, occludin and claudin-5, which was
significantly reduced after CONV irradiation, remained
unchanged in the FLASH-irradiated brains at one and four
weeks postirradiation. Our data further confirm that, com-
pared to isodoses of CONYV irradiation known to elicit
detrimental effects, FLASH does not damage the normal
vasculature. These data now provide the first evidence that
FLASH preserves microvasculature integrity in the brain,
which may prove beneficial to cognition while allowing for
better tumor control in the clinic. © 2020 by Radiation Research Society

INTRODUCTION

Radiotherapy is a frontline treatment for nearly all
malignancies of the central nervous system (CNS) (/, 2),
and is frequently used to eradicate certain vascular
abnormalities such as arteriovenous malformations (AVM)
(3). While prescribed doses for the management of glioma,
medulloblastoma and AVM vary, in nearly every instance
such treatments elevate the risk of stroke. The link between
cancer and cerebrovascular disease has been reviewed (4,
5), and in the case of radiotherapy the risk of stroke is nearly
doubled (6). This is a particular concern for survivors of
medulloblastoma (7, §), who are also prone to cerebral
microbleeds (9) and vascular changes including vasculop-
athy resulting from their intensive cranio-spinal irradiation
regimen using photons or protons (/0, 11). Higher-dose (up
to 25 Gy) gamma knife/stereotactic approaches for the
treatment of vascular malformations also elevates the
chance of hemorrhage, pointing to the longer-term risks of
targeted non-cancer therapies in the brain (3, /2—14).

A direct link between radiation-induced vascular damage
and neurocognitive dysfunction remains to be completely
elucidated, confounded by the fact that each of these normal
tissue complications exhibits different dose response and
temporal relationships (/5). Neurocognitive dysfunction can
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TABLE 1
Irradiation Parameters

Prescribed dose

CONV FLASH

Beam parameters 10 Gy 25 Gy 10 Gy 25 Gy
Graphite applicator type and size (mm) Circular @17 Circular @17 Circular @17 Circular @17
Source-to-surface distance (mm) 800 745 369-370 325
Pulse repetition frequency (Hz) 10 10 100 100
Pulse width (ps) 1.0 1.0 1.8 1.8
No. of pulses 1,170-1,180 2,620 1 2
Treatment time (s) 116.9-117.9 261.9 1.8 X 10° 1.0 X 107
Mean dose rate (Gy/s) 0.09 0.1 5.6 X 10° 2.5 X 10°
Instantaneous dose rate (Gy/s) 8.5 X 10° 9.5 X 10° 5.6 X 10° 6.9 X 10°

manifest after single-fraction irradiation in the dose range of
10 Gy, and in the relative absence of structural changes
indicative of edema, typically requiring total fractionated
doses in excess of 40 Gy for visualization by magnetic
resonance (MR) and diffusion tensor (DT) imaging (/6).
Regardless of the mechanistic link, it is apparent that
radiation-induced normal tissue injury involves both stromal
and parenchymal compartments of the brain, and includes a
variety of changes that can manifest and persist long after
the cessation of treatments. In this light, the ultra-high-dose-
rate radiotherapy known as FLASH has generated consid-
erable interest due to its marked capability to minimize
normal tissue complications in a variety of organs using
multiple pre-clinical models and, at least up to now, without
compromising tumor control (/7, /8). In the brain, FLASH
has been shown to spare a variety of neurocognitive indices,
preserve host neuronal structure and attenuate neuro-
inflammation, evidenced by reductions in astrogliosis and
microgliosis (/9). Despite the documented benefits of
FLASH in studies using fish, rodents, cats and mini-pigs
(17, 19-22), details regarding the effect of this novel
radiation modality on vascular end points remain relatively
unknown. Previously published work analyzing the pulmo-
nary vasculature has demonstrated the capability of FLASH
to reduce damage by preventing the activation of apoptotic
cascades caused by conventional-dose-rate radiation (23).
However, whether the benefits of FLASH extend to the
complex blood-brain barrier, responsible in part for
maintaining CNS integrity, has remained unknown, provid-
ing the impetus for the current work.

Previously published work by our group has provided
significant data demonstrating the neuroprotective effects of
FLASH and defining the critical physical parameters
required (/9-21). Specifically, previously published studies
in mice have defined dose-rate cutoffs for neurocognitive
sparing after acute (<10 Gy), whole-brain irradiation (27).
Related work has found that neuroprotective benefits
resulting from FLASH when compared to conventional-
dose-rate irradiation (CONV) extend from early (one
month) to later (six months) postirradiation times (/9). In
the current work, we evaluated the response of the
vasculature in the brain to both radiation modalities at
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early times (24 h and one week) and to a relatively higher
single dose (25 Gy, whole-brain irradiation) in an effort to
approximate the radiotherapeutic management of certain
vascular abnormalities. In addition, we analyzed vascular
changes in the CNS at a later time (one month), using a
single fraction (10 Gy, whole-brain irradiation) known to
compromise long-term cognition. Here we report on some
of the first evidence that FLASH provides significant
protection to the CNS vasculature when compared against
isodoses delivered at conventional dose rates.

MATERIALS AND METHODS
Animals

All animal procedures were conducted in accordance to and Swiss
ethics committee (VD3241) and the University of California, Irvine
Institutional Animal Care and Use Committee (IACUC) for animal
experimentation. Eight-week-old female C57Bl/6]J mice were pur-
chased from Charles River Laboratories (France) and aged until 10
weeks when they were irradiated.

Irradiations

Single-fraction, whole-brain irradiations were performed on a
prototype Oriatron 6e, 6-MeV electron beam linear accelerator
(LINAC) at the Lausanne University Hospital (Lausanne, Switzer-
land), as described elsewhere (24). Dosimetry has been extensively
described and published to ensure reproducible reliable delivery (24—
27). For short-term studies, animals received a head-only, single dose
of 25 Gy using a 17-mm graphite applicator at either CONV dose rate
(0.09 Gy/s) or ultra-high-dose-rate FLASH (FLASH, instantaneous
intra-pulse dose rate, 6.9 - 10° Gy/s at a mean dose rate of 2,500 Gy/s)
(Table 1). These animals were euthanized 24 h (n = 12 per group) or
one week (n = 12 per group) postirradiation and 30 min after lectin
injection. To study long-term vascular toxicity, a second cohort of
animals (n = 12 per group) received 10 Gy of the previously described
CONYV or FLASH (delivered at 5.6 - 10° Gy/s in a single 1.8 ps pulse)
(Table 1). These animals were euthanized one month postirradiation
and 30 min after tomato lectin injection.

Lectin Injection and Perfusions

To accurately image microvasculature of the brain, one half of all
treatment groups were injected with tomato lectin (Vector® Labora-
tories, Burlingame, CA) 30 min prior to sacrifice. Lectin, 100 pg (1
pg/1 pl saline), was delivered via retro-orbital i.v. injection (Dylight®
488 Tomato Lectin; Vector Laboratories) using a 32g syringe.
Animals were then intracardially perfused using 25 ml of heparinized
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saline, followed immediately by 75 ml of 4% paraformaldehyde (PFA)
using a Peri-Star™ Pro peristaltic pump (World Precision Instruments,
Sarasota, FL) delivered at 16 ml/min. Brain tissue was extracted and
allowed to fix overnight in 4% PFA at 4°C before being transferred to
phosphate buffered saline (PBS) with 0.01% NaN; for transportation
and storage. Tissue later underwent a sucrose gradient (10%, 20%,
30% per volume) and OCT (Surgipath® FSC 22® Clear; Leica
Microsystems, Wetzlar, Germany) embedded before being coronally
sectioned at 30 pum using a cryostat, and then stored in PBS with
0.01% NaNj at 4°C for later analysis.

Immunohistochemistry and Image Collection

Tight junction markers and eNOS. Two sections per brain were
selected from the ventral hippocampus approximately 300 pm apart.
Immunofluorescence to detect the expression of claudin-5 (CLDNS),
occludin (OCLN) and endothelial nitric oxide synthase (eNOS) was
performed on lectin-injected tissues. Brain sections were initially
washed and permeabilized with PBS and Triton™ (0.1%) and blocking
was performed in 10% goat serum, 0.2% bovine serum albumin (BSA)
and 0.1% Tween®. Brain sections were incubated overnight at 4°C in
3% goat serum, 0.1% BSA and 0.1% Tween with the primary
antibodies against CLDNS (Rabbit anti-CLDNS5 1:200), OCLN (Mouse
anti-OCLN, 1:250) and eNOS (Rabbit anti-eNOS 1:250), all from
Invitrogen™ (Carlsbad, CA). The next day, tissues were incubated for 1
h at room temperature with the following secondary antibodies: Goat
anti-Mouse 647 (1:500) and Goat anti-Rabbit 594 (1:400), both from
Abcam ® (Cambridge, MA) and Goat anti-Rabbit 647 (1:400; Thermo
Fisher Scientific™ Inc., Waltham, MA), before counterstaining with
DAPI. Tissues were then slide mounted and imaged at 40X using a
Nikon Eclipse Ti-E Confocal (Tokyo, Japan) or Olympus® FV3000
Confocal (Tokyo, Japan) at 40X.

Volumetric analysis. Four hippocampal sections were selected from
each lectin-perfused brain ~300 pm apart, mounted to slides and imaged
at 20X. Images were taken along the stratum radiatum and the molecular
layer. This region was chosen due to its high level of vascularization and
relationship to cognitive effects. Z-stack images were taken at 20 um
thickness and then processed using Imaris 3D rendering software
(Bitplane AG, Zurich, Switzerland) as described elsewhere (28).

Imaris 3D Rendering. All Z-stack images were imported into Imaris
version 9.3.1 and deconvoluted using an adaptive, theoretical PSF
batch processing. Deconvoluted images were then processed for 3D
surface analysis for lectin, OCLN and CLDNS, while a spot analysis
was performed for eNOS. When analyzing for tight junction markers,
volumes of lectin and either OCLN or CLDNS5 were colocalized and
recorded. To evaluate the cellular regulation of the microvasculature,
eNOS measurements were quantified based on the volume of any spot
within 5 pm of 3D-rendered lectin. This allowed for removal of eNOS
expression from other cell types not associated with the microvascu-
lature.

Apoptosis. Interrogation of apoptosis was performed on two
sections per region, the subventricular zone (SVZ) and dentate gyrus
(DG), per animal (n=4), 24 h postirradiation. A TUNEL assay kit was
used (ApopTag® In Situ Apoptosis Detection Kit; Sigma-Aldrich®
LLC, St. Louis, MO) to quantify the number of Tdt" cells that
colocalized with DAPI* nuclei in either the SVZ or DG. Imaris
software allowed for quantification of DAPI" cells, while Tdt" cells
were scored blind by hand.

RESULTS

FLASH does not Induce Vasogenic Edema or eNOS in the
Microvasculature

Previously published work has shown that CONV dose-
rate irradiation influences overall blood vessel volume (28).
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To determine the potential effects of FLASH on the
vascular compartment, irradiated animals were injected
with lectin and blood vessel volume was measured.
Representative images of the Imaris 3D rendering of lectin
are shown (Fig. 1A). The data revealed no significant
changes at 24 h [F,.;, = 0.7725, P = 0.4682] (Fig. 1B),
however, a significant group effect was found at one week
postirradiation [F., = 8.059, P = 0.001] (Fig. 10). A
significant increase in total blood vessel volume was
observed after CONV compared to controls (P < 0.01),
whereas no modifications in volume were observed after
FLASH one week after 25 Gy irradiation.

Expression of eNOS has been demonstrated to induce
vasogenic dilation and/or edema by production of NO (29,
30). To investigate the contribution of eNOS to the
vasogenic edema, shown in Fig. 1, we measured eNOS
production in the molecular layer and stratum radiatum
within the hippocampus (Fig. 2). Representative images
show eNOS expression throughout these regions of the
hippocampus (Fig. 2A). Consistent with previous observa-
tions reported elsewhere, eNOS was also expressed within
the DG, pyramidal cells and astrocytes (3/-33). eNOS was
found to be expressed in cells lining the lectin-stained
lumen of the microvasculature. Therefore eNOS expression
was quantified within the nearby vicinity of lectin-stained
vessels to focus on proximal ‘‘paracrine’ cellular regula-
tion. This allowed for quantification of protein levels within
support cells of the microvasculature. No change in eNOS
immunoreactivity was observed at 24 h postirradiation in
either the CONV or FLASH group (Fig. 2B). Nevertheless,
a significant group effect was observed at one week
postirradiation [Fn3, = 5.753, P = 0.0075] (Fig. 2C).
CONV induced increased eNOS immunoreactivity when
compared to controls and FLASH (P < 0.05).

FLASH does not Induce Tight Junction Protein
Degeneration

Previous studies designed to interrogate the blood-brain
barrier, CLDN5 and OCLN were utilized as markers of the
efficacy of epithelial cell adhesion (34, 35). To determine
the effect of CONV and FLASH on the integrity of the
blood-brain barrier, measurements of tight junction
proteins colocalized with lectin® blood vessels were
performed. Representative images of microvasculature
and tight junction colocalization are shown in Fig. 3A.
No significant modifications in OCLN expression were
observed 24 h postirradiation (Fig 3B). However, analysis
of OCLN/lectin colocalization at one week postirradiation
showed a significant group effect within the hippocampus
[Fosy=12.12, P < 0.0001] (Fig. 3B) and the SVZ [F,,,=
11.92, P = 0.0002] (Fig. 3B). Multiple comparisons
analysis indicated a significant drop in OCLN expression
after CONV in both subregions (P < 0.05 and P < 0.001,
hippocampus and SVZ, respectively), whereas OCLN
expression was preserved in FLASH-irradiated brains. A
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FIG. 1. FLASH does not induce vascular dilation within the brain microvasculature. Animals were injected with
tomato lectin 30 min prior to sacrifice and volumetric analysis was performed. Panel A: Representative images of
lectin volume quantification at one week postirradiation. Scale bars = 20 and 70 pm. Panels B and C:
Quantification of lectin volume at 24 h and one week after 25 Gy irradiation. CONV increased the total volume of
lectin at one week when compared to control and FLASH. Data shown are the mean = SEM (n =4 per group, four
images analyzed per animal). *P < 0.05, **P < 0.01 (ANOVA with Bonferroni’s multiple comparisons test).

significant group effect for CLDNS5 immunoreactivity was
observed 24 h after 25 Gy irradiation within the
hippocampus [F,., = 7.219, P = 0.0029] (Fig. 3C).
Multiple comparisons test showed an increased level of
CLDNS colocalized to lectin in the hippocampus after
FLASH compared to control (P < 0.05) and CONV (P <
0.01) groups. Within the SVZ, 25 Gy at either dose rate
failed to induce any significant changes in the CLDNS5
immunoreactivity (Fig 3C). However, by one week
postirradiation, significant group effects were found within
the hippocampus [F1,, = 13.43, P < 0.0001] (Fig. 3C)
and the SVZ [F.0, = 5.418, P = 0.01] (Fig. 3C). Within
the hippocampus, a significant drop in CLDNS5 expression
colocalized with lectin was observed after CONV when
compared to controls (P < 0.001) and FLASH (P < 0.01).
No change was observed after FLASH compared to
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control. Within the SVZ, CLDNS5 expression in the CONV
group was reduced compared to controls (P < 0.01).
Altogether, these results suggest that FLASH does not
induce blood-brain barrier alteration characterized by a
decreased expression of tight junction proteins described
after CONV at early and late timepoints postirradiation.

FLASH Induces Less Apoptosis in the Normal Brain after 25
Gy

To determine if FLASH protected neurogenic regions
(SVZ, DG) of the brain from early apoptosis, a TUNEL
assay was performed 24 h postirradiation (Fig. 4). Figure
4A shows representative images of the SVZ (left-side
column) and DG (right-side column). The data revealed a
significant group effect in both the SVZ [F, 3, =32.36, P <
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FIG. 2. FLASH did not elevate vascular eNOS in the brain. Volumetric analysis of eNOS colocalized with
lectin was performed. Panel A: Representative images of eNOS immunoreactivity were converted to 3-D
renderings using Imaris at one week postirradiation. Scale bars =70 um. Panels B and C: Quantitative analysis
of eNOS colocalized within 5 um of lectin-stained microvasculature at 24 h and one week. CONV increased
levels of eNOS-lectin at one week compared to control and FLASH. Data shown are the mean = SEM (n =6 per
group, two images analyzed per animal). *P < 0.05 (ANOVA with Bonferroni’s multiple comparisons test).
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FIG. 3. FLASH did not reduce immunoreactivity of CLDNS5-lectin and OCLN-lectin as CONV irradiation did, at one week postirradiation.
Volumetric analysis of markers CLDNS and OCLN colocalized to lectin were quantified using Imaris software. Panel A: Representative images of
CLDNS and OCLN taken at the stratum radiatum of the hippocampus. Scale bars = 10 pm. Panels B and C: Analysis of OCLN and CLDNS5 data
at 24 h and one week within hippocampus and subventricular zone. CONV showed a significant drop-off of tight junction proteins at one week
postirradiation compared to controls and FLASH. Data are the mean = SEM (n = 6 per group, two images analyzed per animal). *P < 0.05, **P
< 0.01 and ***P < 0.001 (ANOVA with Bonferroni’s multiple comparisons test).

0.0001) (Fig. 4B) and DG regions [F,.5 = 22.38, P < of Tdt"* cells between control and FLASH cohorts were not
0.0001] (Fig. 4C). Within the SVZ, a marked increase in statistically significant. These results indicate that FLASH
Tdt* cells was observed after CONV compared to controls ~ induced less apoptosis than CONV irradiation in the
(P < 0.0001) and FLASH (P < 0.05). Increased levels of ~ neurogenic regions of the brain.

Tdt* cells were also observed in the FLASH group
compared to the controls (P < 0.001), but were significantly
lower than observed after CONV (P < 0.05). Similar results
were found in the hippocampal DG. CONYV induced To determine if a dose known to induce cognitive deficits
increased yields of Tdt" cells compared to controls (P < (10 Gy) affects the microvasculature, measurements of
0.0001) and FLASH (P < 0.01). Differences in the number  vascular volume and eNOS vascular dilation were analyzed

FLASH Protects the Microvasculature from Radiation-
Induced Deficits One Month after Irradiation
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FIG. 4. FLASH reduces apoptosis compared to CONV within
neurogenic regions, 24 h postirradiation. TUNEL assay was performed
to determine levels of apoptosis within the dentate gyrus (DG) and
subventricular zone (SVZ). CONV-irradiated animals exhibited a
significant increase when compared to FLASH and control in both the
SVZ and DG. Representative images of Tdt" cells within the SVZ (left
side) and DG (right side). Scale bars = 30 um). Panels B and C:
Analysis of Tdt" cells within the SVZ and DG at 24 h postirradiation.
Data is shown as the mean = SEM (n = 6 per group, two images
analyzed per animal). *P < 0.05, **P < 0.01, ***P < 0.001, ****p
< 0.0001 (ANOVA with Bonferroni’s multiple comparisons test).

at one month postirradiation. A significant group effect was
found when total lectin volume was analyzed [F,., =
1191, P < 0.0001] (Fig. 5A). A significant increase in
lectin volume was observed after CONV irradiation
compared to controls (P < 0.001) and FLASH (P < 0.05)
(Fig. 5A). While an increase in average lectin volume was
measured for FLASH compared to controls (P = 0.075), no
statistically significant change was found (Fig. 5A). eNOS
colocalization was measured to determine if levels coincid-
ed with this increased vascular volume. Changes in the level
of eNOS expression colocalized with the vasculature one
month postirradiation were found to have a significant
group effect [F.i, = 5.075, P = 0.0122) (Fig. 5B).
Expression of eNOS in the hippocampus after CONV

Downloaded From: https://bioone.org/journals/Radiation-Research on 13 Oct 2024
Terms of Use: https://bioone.org/terms-of-use

irradiation was elevated significantly compared to control
(P < 0.05) and FLASH (P < 0.05) groups; however, no
significant change between control and FLASH was
observed.

Vascular integrity was also interrogated at one month (10
Gy) by measuring levels of tight junction proteins that
colocalized with lectin. Analysis of OCLN-lectin immuno-
reactivity indicated a significant group effect within the
hippocampus [F,33 = 4.922, P = 0.0139]. Multiple
comparison analysis revealed that control animals exhibited
higher levels of OCLN-lectin colocalization compared to
CONV irradiation (P < 0.05) and FLASH(P < 0.05) (Fig.
6A) groups. Within the SVZ, similar albeit non-significant
trends were observed.

Analysis of CLDNS5-lectin immunoreactivity within the
hippocampus uncovered a significant group effect [F,30, =
4.288, P =0.0230], but not in the SVZ [F,,;,, =2.226, P =
0.1274] (Fig. 6B). Compared to controls, FLASH exhibited
no statistically significant difference of CLDNS-lectin
colocalization in the hippocampus; however, significant
decreases were found in CONV-irradiated cohorts (P <
0.05). Within the SVZ, CLDNS5-lectin staining was
increased significantly after FLASH compared to controls
(P < 0.05) and CONV (P < 0.01). Decreased immunore-
activity of CLDNS5 compared to controls was non-
significant. Collectively, these data indicate that FLASH
protects against vascular dilation while providing some
protection to markers of tight junctions, one month after
irradiation.

DISCUSSION

In the current study, we have shown that FLASH can
circumvent some of the early and more persistent
detrimental effects to the CNS microvasculature compared
to CONV. At acute timepoints, we showed that 25 Gy
FLASH did not modify key vascular parameters including
blood vessel volume or the expression of eNOS and tight
junction proteins and did not induce apoptosis, while 25 Gy
CONYV irradiation altered the brain microvasculature.
Interestingly after 10 Gy FLASH, the majority of these
vascular parameters remained at normal levels at a later
timepoint as well.

In this study, we investigated the effect of high-dose
radiation on the brain as treatment for vascular abnormal-
ities in humans using gamma knife doses of approximately
25 Gy, which is highly focused onto small volumes. In our
experiments, we had no access to conformal irradiation and
used whole-brain irradiation. In this context, 25 Gy
delivered in a single fraction would be lethal, especially
after CONV. Therefore, to make vascular analyses feasible,
animals were sampled at earlier postirradiation times. While
in one published study, the CNS benefits one month after 30
Gy whole-brain FLASH have been reported (36), we opted
to focus our study of 25 Gy on the earlier postirradiation
times of 24 h and one week to ensure survival. Then, the
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FIG. 5. FLASH protects against eNOS-induced blood vessel dilation compared to CONV irradiation after one month (10 Gy) in the
hippocampus. Animals were injected with tomato lectin 30 min prior to sacrifice and volumetric analysis was performed. Panel A: Quantification
of lectin volume at one month postirradiation show that CONV dose rates cause an increase in lectin volume after 10 Gy that is not observed after
FLASH ultra-high dose rates. Panel B: Colocalization of eNOS within 5 pm of lectin shows that FLASH does not induce an increase in
immunoreactivity while CONV does. Blood vessel volume data shown are the mean = SEM (n =4 per group, four images analyzed per animal).
eNOS data shown are the mean = SEM (n = 6 per group, two images analyzed per animal). *P < 0.05, ***P < 0.001 (ANOVA with

Bonferroni’s multiple comparisons test).

protracted timepoint was studied using 10 Gy whole-brain
irradiation, a dose known to differentially affect neurocog-
nitive outcomes in mice subjected to either irradiation
modality.

Higher doses of cranial irradiation have been shown to
temporarily induce microvasculature damage, which is part
of the initial radiation-induced pathogenic signals (37, 38).
Initial morphologic alterations of the microvasculature have
also been implicated in the progression of white matter
necrosis likely caused by decreased metabolism stemming
from reduced oxygen transfer (/5, 39). In the current study,
microvasculature morphology was analyzed using lectin,
since its capability to efficiently stain blood vessels has
been found to be more accurate than the use of endothelial
antibodies (40). An analysis of the microvasculature
indicated that CONV induced a significant increase in
vessel volume associated with production of the vasodilator
eNOS (47) at one week after 25 Gy irradiation. This effect
was not observed after FLASH. Interestingly, previously
published studies from our group have shown that FLASH
produced a lower level of reactive oxygen species (/9)
which may explain the decreased levels of eNOS reported in
the current work. However, additional mechanisms can be
involved. It has been reported that HSP90 and ATM
phosphorylation induced during DNA repair were respon-
sible for activation of eNOS (30), suggesting that the
attenuation of DNA damage after FLASH, as recently
reported by Fouillade er al. (42), could restrain eNOS
expression and help maintain a normal vascular morphol-
ogy. While further studies at additional postirradiation times
are clearly needed to expand our findings, the current data
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point to the capability of FLASH to attenuate early changes
in vessel volume.

Expression of tight junction proteins have been known to
coincide with the overall integrity and permeability of the
blood-brain barrier (34, 37). We found that FLASH
preserved the integrity of the blood-brain barrier when
compared to CONV irradiation. Using markers for CLDN5
and OCLN, a stark difference between FLASH and CONV
one week postirradiation was observed. Interestingly,
FLASH caused a significant increase in CLDNS and an
upward trend in OCLN 24 h compared to CONV and
control in the hippocampus, postirradiation. While further
work is required to elucidate the molecular basis of this
transient increase (transcriptional, post-translational, re-
duced turnover, etc.) FLASH is clearly engaging different
signaling pathways in the irradiated brain. Previously
reported work has shown that breakdown of CLDNS and
OCLN is directly related to an inflammatory response
involving VEGF (43), suggesting that the observed
attenuation of neuroinflammation after FLASH (/9, 21)
may contribute to the preservation of tight junctions.

The capability of FLASH to reduce ROS production may
well account for the observed reduction in apoptotic cells in
the neurogenic regions of the SVZ and the DG, but
disruptions in the microvasculature and subsequent micro-
environmental factors could also contribute to cell death.
Previously published studies have shown that proliferating
neural precursor cells cluster around small vessels,
suggesting that even small disruptions in homeostasis could
negatively affect neurogenesis by altering cell survival and/
or later recruitment of neural precursor cells (44). It has also
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FIG. 6. FLASH provides some protection against CONV irradiation-induced tight junction modification at
one month after 10 Gy irradiation. Volumetric analysis of OCLN and CLDNS colocalization with lectin were
measured using Imaris software within the stratum radiatum of the hippocampus and SVZ. Panel A:
Measurements of OCLN indicate that both FLASH and CONV decreased levels of immunoreactivity within the
hippocampus, but did not significantly change levels within the SVZ compared to controls. Panel B: FLASH
does not induce a significant decrease in CLDNS5 that CONV dose rates do in the hippocampus. FLASH causes a
significant increase of CLDNS compared to both CONV and control. Data shown are the mean = SEM (n =6
per group, two images analyzed per animal). *P < 0.05, **P < 0.01 (ANOVA with Bonferroni’s multiple

comparisons test).

been shown that radiation-induced microvasculature chang-
es could alter neurogenesis through changes in the
microenvironment (45). These data suggest that damage to
the microvasculature could have persistent adverse effects
on the regenerative reserve of the brain, an effect that
FLASH was able to circumvent, possibly through the
preservation of vascular integrity.

Late occurring damage to the brain after radiotherapy is a
significant concern for thousands of people who are treated
for CNS malignancies each year. To address the potential
longer-term cerebrovascular benefits of FLASH, irradiated
brains were analyzed after a dose (10 Gy) and at a time (one
month) known to coincide with neurocognitive decline.
Analogous measurements conducted on the microvascula-
ture under these conditions indicated that FLASH was able
to significantly attenuate the increased vessel volume and
elevated eNOS expression found after CONV. While the
differences in the expression of tight junction proteins at
this dose and time were less pronounced between the
irradiation modalities, FLASH was able to maintain CLDNS5
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expression in the SVZ. For survivors of brain tumors,
alterations to microvasculature integrity can lead to
debilitating effects that can develop months to years after
treatment, manifesting as white matter necrosis and/or
edema (46). Although the exact mechanism of delayed CNS
radiation injury is not fully understood, the vascular injury
hypothesis attributes many of these detrimental effects to
vascular dilation, vascular wall thickening, endothelial cell
nuclear enlargement and breakdown of tight junctions (47).
While results from this study indicate that FLASH may
reduce some of the potential underlying causes of clinically
relevant vascular side effects, further work will be needed to
more conclusively link the underlying causes affecting
cerebrovascular and neurocognitive outcomes in the
irradiated brain.

This study serves to build on the growing body of
knowledge supporting the ‘‘FLASH effect’’, operation-
ally defined as the capability of FLASH to spare normal
tissue toxicities. Results from this study corroborate
many previously published findings demonstrating that
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normal tissue damage is reduced within the brain and
other tissues receiving FLASH compared to CONV (/9,
21, 23). In addition, other CNS complications such as
white matter necrosis (48), hearing loss (7) and vascular
abnormalities resulting from larger-field or targeted high-
dose approaches for treating AVM (3, 13, 14, 49) may
also benefit from FLASH. As early studies identified the
dose rate as the essential parameter (2/, 23), more
recently published work emphasizes that additional
physics parameters such as the instantaneous dose rate,
pulse frequency and pulse duration, are critical to achieve
the FLASH effect (/9, 50, 51). Here, using maximal
electron current to produce the highest instantaneous dose
rate possible with the eRT6 (Table 1), investigations of
the FLASH effect have been extended to the normal
vasculature of the irradiated brain. While further work is
required to substantiate the potential vascular benefits in
the CNS over a larger range of doses and postirradiation
times, our study demonstrates the beneficial effect of
FLASH compared to CONV radiation on important
cerebrovascular end points. The inclusion of additional
functional studies coupled with dose fractionation to
more thoroughly evaluate whether FLASH might mitigate
cerebral bleeds, stroke and white matter necrosis would
also add important insights. Nonetheless, the current
findings have important repercussions for anyone sub-
jected to cranial radiotherapy, and in particular for
survivors of pediatric brain malignancies, where FLASH
provides a potentially new approach for mitigating
additional cerebrovascular complications, the risks of
which have been clearly shown to increase with age (7).
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