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Abstract of the Dissertation 

 

                     FLASH Irradiation Protects the Central Nervous System

By 

Barrett Don Allen 

Doctor of Philosophy in Environmental Health Science 

University of California, Irvine, 2023 

Professor Charles L. Limoli, Chair 

Radiotherapy has long been used to control tumor growth by causing ionization of 

cellular macromolecules including DNA, RNA, lipids and proteins, leading to lethal or sublethal 

damage to a cell. Typically, convention radiotherapy (CONV-RT) is delivered at a dose rate 

between 0.07–0.1 Gy⋅s−1 and fractionated over an extended treatment plan (1 -2 months), 

allowing healthy normal tissue to mend sublethal damage while repair-compromised tumor 

tissue accumulates damage. Previous studies have identified that fractions under 2 Gy are 

required to reduce long-term neurocognitive damage1. These normal tissue dose tolerances limit 

the therapeutic benefit of radiotherapy. A recent breakthrough in radiation delivery modalities 

have shown that using ultra-high dose rates (>100 Gy⋅s−1), or ‘FLASH’ irradiation, can reduce 

cognitive damage, spare normal tissue injury, and minimize harm to critical systems like the 

blood brain barrier (BBB), all while maintaining isoefficient tumor control2–4. This new radiation 

modality has the potential to greatly extend the therapeutic benefit of radiotherapy while limiting 

the unintended neurological sequelae that are frequently caused by treatment.  
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At this point, our lab has produced substantial evidence that FLASH irradiation reduces 

damage done to the CNS normal tissue, protecting the homeostasis, and potentially reducing the 

onset and severity of late radiation-injury in brain tumor survivors subjected to cranial 

radiotherapy. Experiments performed by ourselves and collaborators have examined the FLASH 

effect using preclinical models of fish, rodents, cats, and mini-pigs2,5–8 and has successfully been 

used clinically in a single patient to treat multiresistant CD30+ T-cell cutaneous lymphoma4. 

While a plethora of data is available on the FLASH effect, the underlying mechanisms are still 

not fully understood. Our lab has shown that oxygenation levels of the tissue play a vital role in 

radiation induce tissue damage through mitigation of reactive oxygen species (ROS)2; however, 

there are likely other key mechanisms at play. The importance of tissue oxygenation and the role 

the BBB plays in maintaining CNS homeostasis are why we consider the vasculature to be a key 

element in deciphering the FLASH effect.  

The Limoli lab has been publishing regularly on the benefits of FLASH irradiation in pre-

clinical models for the last 4 years, highlighting the normal tissue sparing effects in the CNS. My 

work in particular has focused on the effect of both CONV and FLASH irradiation on the normal 

tissue and the BBB. I performed initial experiments utilizing FLASH and CONV radiation to 

determine effects on the BBB at early timepoints which led to a publication in Radiation 

Research9. Following this, I spent time exploring the literature behind CNS vasculature, 

radiotherapy, and new experimental therapeutic techniques which culminated into a published 

review in Free Radical Biology and Medicine10. I have used this rationale to examine the 

cognitive and vasculature effects of FLASH on juveniles11, a particularly radiation susceptible 

population. Results from the juvenile model have guided us to explore the neurological 

mechanistic basis of the effect we find in an adult model while simultaneously testing the 
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threshold of dose tolerance. Further experiments on a similar cohort of adult animals to measure 

blood flow and tissue oxygenation levels using spatial frequency and domain imaging. Results 

from this publication are expected to be concluded soon. The objective of this dissertation is to, 

in part, determine if the normal tissue sparing effect of FLASH irradiation reduces radiation-

induced pathology of the BBB, further explicate the neuro-mechanistic basis of cognitive 

protection and determine the effects on tumor vascularization. Results produced from this body 

of work will not only provide additional justification for clinical translation, but it may also help 

illuminate key mechanistic differences between cancer and normal tissue that may one day be 

used for therapeutic gain. 

My field of focus has been the effects of ultra-high dose rate FLASH radiotherapy in pre-

clinical models. In particular, my work has focused on both clinical and FLASH dose rates and 

their effect on the normal tissue, cognition, neuroinflammation, and the BBB. My graduate work 

led to numerous publications and is challenging the fundamental principles used in the field to 

improve . 
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Introduction and Background 

The role of the blood brain barrier (BBB) is to maintain homeostasis within the central nervous 

system (CNS). This is achieved through a unique microvasculature network that physically 

blocks and selectively transports specific molecules across the barrier via combined efforts of 

endothelial cells, tight junction (TJ) proteins, pericytes, basal lamina, and astrocytes that make 

up the neurovascular unit (NVU). When functioning properly, the NVU creates a tight seal 

around blood vessel walls that requires adsorptive and carrier mediated transportation of non-

lipid soluble agents 12. In addition, endothelial cells contain ATP dependent efflux transporters 

that actively push foreign material back into the lumen 12,13. Conversely, CNS tumor vasculature, 

commonly referred to as the blood tumor barrier (BTB), is prone to irregularities when 

unregulated and disorganized vasculature growth causes disruptions in the barrier within 

glioblastomas (GBM) and secondary metastases 14–16. The importance of a well-organized BBB 

is highlighted when this system fails to filter foreign material from the blood, and it is allowed to 

enter the brain. We can observe such failures in the BBB and BTB directly after radiotherapeutic 

interventions by measuring leakage into the parenchymal space 9,17–19. While preserving the BBB 

is critical to maintaining homeostasis within the healthy CNS, exploration into new physical and 

chemical treatment options endeavor to therapeutically disrupt the BTB for drug delivery  20–23. 

Current treatment plans for CNS tumors involve surgical resection, irradiation, and 

chemotherapeutic regimens. An estimated 86,000 new cases of CNS cancer occurred in 2019. 

Even with the latest treatment options available, the five-year survival rate for patients with all 

types of malignant tumors was 35.8%, while GBMs specifically had a five-year survival rate of 

only 6.8% 24. This low rate of survival is in part attributed to insufficient drug intervention 

options due to the relative impenetrability of the BBB and even within the barrier compromised 
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BTB. In GBM, the integrity of the BTB is not uniform, leaving regions of the tumor variably 

exposed to drugs that are readily blocked by the BBB 25,26. However, even with the compromised 

vasculature of the BTB, uptake of chemotherapeutic drugs paclitaxel and doxorubicin exhibit 

relatively low penetrance within metastatic tumors 27. This indicates that while the BTB may be 

more susceptible to toxic leakage, other interventions are required to open the vasculature further 

within the tumor.  This is likely the reason that many chemotherapeutic drugs fail during clinical 

trials as the variance in BBB and BTB permeability is not fully understood 28. Clearly, failure to 

treat the entire tumor parenchyma compromises the efficacy of any chemotherapeutic treatment 

regimen leading to tumor recurrence, a routine, and confounding complication. 

To circumvent these limitations, new methods must be implemented to permeabilize the 

vasculature of targeted regions to facilitate drug delivery, or to actively assist in denaturing the 

semi-intact BTB within the CNS while protecting the surrounding normal tissue. Others have 

highlighted the benefits of creating a porous BBB and/or BTB with the use of radiation 29,30, 

ultrasound 31,32 and receptor mediated transport 33 to improve drug delivery. The caveat to these 

strategies is that permeabilizing the BBB has non-targeted effects in normal tissues that may lead 

to indiscriminate damage to the brain. Further studies that define key differences between the 

BTB and BBB may provide new insight, allowing for targeted breakdown of tumor vasculature 

and improved chemotherapeutic treatment within the CNS.  

This review describes the foundational differences between the BBB and BTB and the 

dichotomy between the deleterious effects and therapeutic opportunities that radiotherapy 

presents, emphasizing the current efforts to create leakage across the BBB/BTB and its 

implications for the penetrance of therapeutic interventions and neurotoxicity.  
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Figure 1.1: Comparison of the neurovascular unit of the blood brain barrier and blood 

tumor barrier. 

Normal vasculature of the brain develops from pial arteries to arterioles to capillaries where 

transfer of nutrients and oxygen can take place. In the normal tissue, capillaries are spread out 

somewhat uniformly to ensure equal distribution. In the BTB, there is a reduced presence of 

capillary endings, and an irregular overlay creating areas of hypoxic tumor tissue. (A) In the 

normal tissue capillaries, the neurovascular unit controls the influx of materials by forming a 

non-fenestrated endothelial cell layer that is tightly bound together with TJ proteins. These are 

enveloped by pericyte cells and astrocytic endfeet that aid in maintaining the endothelial cell 

transport proteins, TJ proteins, induction of angiogenesis and influx of ions and fluids. This is 
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controlled by local input as well as neuronal demand that can interact directly or through 

astrocytic channels. (B) Within the BTB, barrier integrity is compromised. Tumor cells attach to 

the outer vascular wall and induce vascular growth through VEGF expression. The new capillary 

bed is irregular and leaves areas of the tumor hypoxic. The new vasculature becomes the 

foundation of the BTB and has been found to have reductions in astrocytic endfeet coverage, 

pericyte cells, TJ proteins, and neuron attachment. The resulting capillary wall of the BTB is 

susceptible to neurotoxic leakage.   

Neurovascular Unit (NVU) 

The NVU is a collection of all cell types that form and regulate the capillary network within the 

brain. Primarily the NVU defines a physical barrier, formed by the binding of endothelial cells 

via TJ proteins to create a non-fenestrated capillary wall. Endothelial cells play a primary role in 

controlling entry into the brain parenchyma through expression of transporter proteins. These 

cells are supported and encased by pericyte cells, the basement membrane and astrocytic endfeet 

that provide additional regulation and feedback from signaling within the brain. Local neurons 

also play a regulatory role by controlling nutrient demand and feedback signals among these cell 

types to modify molecular, ion and aqueous transport in a process called neurovascular coupling 

(NVC) (Figure 1.1).  

Endothelial cells and Tight Junction Proteins 

The microvasculature of the CNS relies primarily on the layer of endothelial cells bound together 

by TJ proteins encased within the basement membrane. This endothelial monolayer creates the 

interface via which molecules enter the brain.  These cells harness carrier and receptor mediated 

efflux, organic anion and cation, nucleoside, and large amino acid transporter systems to 

maintain gradients and push unwanted waste and metabolites into the glymphatic waste 
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clearance system. Of particular importance are ATP-driven efflux pump transporters including 

the ATP-Binding Cassette (ABC), P-glycoprotein, breast cancer resistance protein, and 

multidrug resistance related proteins, as these work to actively remove chemotherapeutics and 

xenobiotics 34,35. Facilitated transporters Glut1 and major facilitator superfamily domain-

containing protein 2A (Mfsd2a) are also considered critical to proper BBB function and overall 

health. Glut1 is responsible for influx of glucose, the primary fuel for neurons, and Glut1 

deficiency  is known to cause mitochondrial disfunction and epilepsy in children 36. Mfsd2a 

transporters are in part responsible for transport of essential omega-3 fatty acids in CNS 

endothelial cells. In transgenic knockout mouse models of Mfsd2a, levels of docosahexaenoic 

acid (DHA, an essential omega-3 fatty acid) are diminished along with leakage of 10kDa dextran 

observed from embryonic through adult stages. Further electron microscopy imaging has 

indicated that cells and TJ proteins were structurally intact, indicating a role for Mfsd2a in 

preventing foreign material from crossing the BBB 37. Additionally, loss of Mfsd2a and 

concomitant reductions in DHA diminish mitochondrial activity, likely responsible for impaired 

cognition and ataxia in mice 38,39.  

TJ proteins are essential to creating a sealed barrier between endothelial cells, forcing molecules 

to enter the CNS through active transporter mediated mechanisms as opposed to passive 

diffusion. This is achieved by a series of proteins that function together to create a non-

fenestrated vasculature. Junctional adhesion molecule 1 (JAM-1) proteins help connect cells 

while simultaneously recruiting TJ proteins, including claudin family proteins ZO-1, and 

Occludin, that further tighten the seal between endothelial cells and facilitate cell-cell signaling 

40–42. Damage to these TJ protein populations can allow larger molecules to bypass endothelial 

cell regulatory mechanisms. While cells can lose TJ proteins, repair mechanisms are in place to 



 

6 
 

maintain structural integrity of the BBB. An in vitro study of TJ proteins performed under real-

time confocal microscopy demonstrated that EGTA and laser insults reduced TJ integrity and 

increased permeability that was actively repaired by transient localized Rho activation 43. The 

dynamic degradation and rapid repair of TJ proteins provides a brief window of permeability to 

the BBB, a feature that could be exploited clinically for drug delivery to the CNS.  

Pericytes 

Pericytes play a crucial part of the NVU as they regulate cerebral blood flow, stabilizing vessels, 

initiating angiogenesis, and maintaining the BBB. These cells make up a large portion of the 

BBB, almost matching the number of endothelial cells 44.  The versatility of pericytes is due to 

specialized subpopulations that support and regulate the BBB and assist angiogenesis within the 

BBB. Ensheathing pericytes physically control cerebral blood flow by contracting or relaxing 

within regions based on metabolic demand 45,46. This is achieved through expression of α-smooth 

muscle actin (α-SMA), tropomyosin, and myosin 46–48 that actuate contractile processes.  

Defining subpopulations of pericytes can be complicated as there is no defined marker for each 

type, rather they are referred to by protein expression that determines functionality of the 

particular cell. Further complicating the categorization of pericytes, expression of these defining 

proteins can be dependent on tissue-specific cell type, developmental stage of angiogenesis, or 

maturity of the cell. Pericytes with the platelet-derived growth factor-β (PDGFβ) receptor are 

recruited by endothelial cells via PDGFβ and transforming growth factor-β (TGF- β), where they 

implant within the basement membrane of the blood vessel to bolster the BBB 44,49. These 

pericytes help to stabilize the vasculature 50, control the cell cycle of endothelial cells 49, control 

regulation of TJ proteins 44, and assist in angiogenesis by secreting notch homolog protein 3 

(NOTCH3) and vascular endothelial growth factor (VEGF) 46,50. Pericyte cells express desmin 
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and α-SMA that form contractile filaments and allow cells to exhibit control of blood flow by 

constriction on the blood vessels. Desmin and α-SMA expression in pericytes are  found on 

venular and arterioles, while only desmin+ cells are found on capillaries 51,52. This likely 

indicates that these cells have unique abilities that larger blood vessels require, while capillaries 

may require a specifically desmin+ pericytes to regulate blood flow. Pericytes have also been 

shown to exhibit immuno-regulatory functions through their capability to phagocytose other 

cells, respond to inflammatory markers, and present antigens to T cells 53. In response to 

inflammatory cytokines interleukin-1b and tumor necrotic factor-alpha (TNF- ), pericytes can 

express matrix metalloprotease 9 which leads directly to BBB breakdown 54,55. Since these cells 

are an integral part of the BBB, damage to pericytes can have detrimental effects on the BBB and 

the homeostasis of the CNS.  In that light, loss of pericytes likely exacerbates several adverse 

neurological conditions including Alzheimer’s Disease and ischemia 45,56. 

Astrocytes and the Gliovascular Unit 

Glial cells are an integral part of the NVU, and are intermediaries between neurons and the 

vasculature, defining a smaller subset of the NVU called the gliovascular unit (GVU). The GVU 

is primarily responsible for linking the needs of the neuronal population in which they are 

embeded and the vasculature system that delivers the required oxygen and nutrients into the 

perivascular space. In vitro studies of astrocytes cocultured with endothelial cells have suggested 

that a complex relationship exists between the two cell types. Endothelial cells have shown 

increased expression of ABC transporters and TJ proteins when they are co-cultured with either 

astrocytes or astrocyte conditioned media 57,58, suggesting that cytokine signals from astrocytes 

create a stronger BBB. This could be due to astrocytic expression of glucagon-like-peptide-1 

(GLP-1R) which has been shown to reduce the permeability of the BBB 59. Co-culture studies 
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have also shown the importance of TGFB1, as reduction of this astrocytic-derived signal reduces 

Msfd2a in endothelial cells, causing increased permeability 60. However, astrocytes are also 

known to secrete vascular endothelial growth factor VEGF and NFkB that act as pro-

inflammatory effectors as well as metalloproteinases (MMPs), chemokines and cytokines that 

can directly or indirectly damage the BBB. Angiogenesis induced by VEGF causes a breakdown 

of the BBB by downregulating CLDN5 and OCLN allowing vascular modifications 61,62. 

Leakage of the BBB has been detected through measurements of FITC labeled dextran crossing 

into regions of the CNS undergoing angiogenesis expressing elevated VEGF 63,64. It has also 

been found that over expression of MMP-9 causes the degradation of CLDN5 and OCLN in vitro 

65 and reductions of other TJ proteins in a mouse model of ischemia 66. Furthermore, blocking 

MMP-9 prevents the degradation of TJ proteins and preserves the functional integrity of the BBB 

in rat models of ischemia 67, suggesting the importance of this class of proteins for BBB 

integrity.  

Neurovascular Coupling 

Being highly specialized cells that require constant metabolic input, neurons act as overseers of 

the NVU and regulate blood flow through a process called neurovascular coupling or cerebral 

hyperemia. When neurons are activated, metabolic demand is increased to restore ionic 

gradients, recycle neurotransmitters, or produce ATP. Increase in this metabolic demand is 

largely driven by aerobic metabolism, requiring copious amounts of glucose and oxygen. 

Neurovascular coupling is thought to induce vascular dilation via release of many different 

vasoactive factors from regions of synaptically active neurons, increasing access to glucose and 

oxygen to fuel high metabolic demands. These factors include neurotransmitters, ions, and 

metabolic by-products released from neuron projections and interneurons extending to the 
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vasculature that act directly on the BBB or through distal paracrine signaling extending to reach 

upstream arteriole regions of the vasculature (> 100 mm) 68,69. Of special note are the 3 isoforms 

of nitric oxide synthase (NOS) enzymes that catalyze nitric oxide (NO), a potent vasodilator, 

from L-arginine; neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). 

All three isoforms of NOS produce NO and are expressed within the brain. Conflicting reports of 

NOS1-knockout mice (nNOS) have shown a lack of dilation during stimulation 70 as well as 

normal NVC dilation function 71. This may indicate that other isoforms of NOS may help 

stabilize the loss of neuronal NOS production, but also that neuronal activity is not the sole 

triggering event to activate dilation 72.  

Control of dilation in the microenvironment of the brain is hypothesized to rely on retrograde 

neuronal signaling transmitted to the pial arteries and penetrating arterioles which are wrapped in 

contractile smooth muscle cells. Early studies in rabbits showed that activation of NMDA 

receptors led to NO-mediated dilation of upstream pial arterioles 73. Since then, a host of other 

neurotransmitters have been linked to mediation of vascular changes, including dopamine, 

substance P, serotonin, γ‑aminobutyric acid, noradrenaline, neuropeptide Y, somatostatin and 

acetylcholine 74,75. While no consensus signaling pathway within the neurovascular unit has 

emerged, it is likely that these signals can travel a certain distance (>1mm) via endothelial 

hyperpolarization to upstream pial arteries to modify blood flow 76.  

Glymphatics 

Until recently, it was generally believed that the brain was responsible for recycling its own 

waste while only a small amount of protein was shed back through the BBB due to the lack of or 

of an ill-defined lymphatic system 77. This idea changed when Iliff et al. demonstrated clearance 

of cerebral spinal fluid (CSF) and Aβ protein along perivenous drainage pathways and reported it 
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to be astrocytic protein aquaporin-4 (AQP4) dependent 78,79. Since then, it has been largely 

accepted that the glymphatic system is responsible for maintaining and regulating cerebral fluid 

dynamics, hydrostatic pressure, waste product removal and ion concentrations.  

The glymphatic system facilitates waste clearance in the brain through the several different 

mechanisms. Influx of CSF travels through the perivascular space surrounding penetrating 

arteries, crossing into the interstitial space through AQP4 channels. Here it mixes with interstitial 

fluids (ISF), releasing CSF waste consisting of metabolic byproducts, ions, and fluids into the 

parenchyma. The resulting ISF are then drawn from arteries, through the parenchyma and 

towards the veins of the paravenous space through a process called convective flow 80,81.  This 

exchange of ions and flush of interstitial fluid waste is regulated by arterial pulsations during 

deep sleep 79,80,82,83. 

Proper waste clearance from the brain appears to be vital as neurodegeneration is being attributed 

to glymphatic disfunction in the elderly. One hypothesis attributes age related reductions of deep 

REM sleep with decreased arterial pulsations that drive clearance, creating favorable conditions 

for Aβ aggregation 80,82,84,85. Additionally, cardiac health and systemic blood pressure are the 

drivers of arterial pulsations, directly controlling convective flow. This has been observed in 

murine models of both hypertension and diabetes where direct reductions in glymphatic function 

were found 86,87.  

Blood tumor barrier 

The vast majority of brain cancers form due to metastasis of primary tumors of the lungs, breast 

and skin 88. This occurs when cells of the existing primary tumor release and enter the circulatory 

system (lymphatics and blood), traverse, infiltrate and implant themselves within the brain. As 

newly formed tumor cells grow and proliferate, nutrients are leeched from the existing blood 
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supply in a process called cooption 62,89,90 while simultaneously new vasculature is created 

through the increased expression of VEGF by astrocytes and pericytes (Figure 1). Clinically, 

anti-angiogenic agents fail to stop tumor growth because tumors have evolved multiple strategies 

to compensate for hypoxia and localized nutrient deprivation 91. However, some studies have 

shown the benefit of using anti-angiogenic agents alongside radiotherapy.  It has been shown that 

as tumors grow past 1-2 mm in diameter within the parenchyma of the brain, the protective 

nature of the BBB begins to diminish, coinciding with the onset of tumor hypoxia 92,93. Hypoxia 

triggers HIF stabilization that drives VEGF expression, known to promote vascular permeability 

along-side its pro-angiogenesis functions, that contribute to irregularities in the BTB as the tumor 

vasculature responds to dynamic changes in the microenvironment 94–96. However, use of anti-

angiogenesis treatments that target VEGF/VEGF2 have led to mixed results. According to Liu et 

al., this is likely due to GBM endothelial cell transformation and genetic reprogramming that 

allows proliferation and migration even under conditions of down regulated VEGF 97,98. This 

indicates that other unknown factors are involved in developing irregular, chemo-resistant 

vasculature of the BTB. Efforts have also been focused on normalizing the tumor vasculature 

through the use of angiogenic stimulators, (for reviews see 99,100), with the overarching goal to 

reduce leakage, increase oxygenation, and to facilitate immune cell infiltration to enhance 

sensitivity to therapeutic intervention.  

Tumor-derived angiogenesis plays only one part of BTB permeability as formation of the tumor 

vasculature is structurally compromised at many levels. Brain tumors exhibit altered expression 

of TJ proteins, contributing to vascular leakage via paracellular diffusion 101,102. This is likely due 

to reductions in Kruppel-like transcription factor 4 (KLF4) expression, resulting in decreased 

mRNA production of TJ proteins Claudin5, ZO-1 and Occludin 102.  Further, measurements of 
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GBM in patients indicate down regulation of the critical TJ proteins Claudin1, 3, and 5 101. While 

these changes in TJ proteins are wide spread, resultant vascular permeability is heterogeneous 

across the BTB, evident from unequal distribution of low molecular weight compounds within 

brain tumors 103.  Despite research focused on manipulating the BTB in efforts to aid drug 

delivery, realizing bona-fide improvements in the therapeutic index have been difficult to obtain.  

While endothelial cells within the BBB are the first line of defense against intrusion of foreign 

materials, their presence in the BTB can be compromised during tumor progression leading to 

enhanced leakage. Tumor growth can alter expression and integrity of TJ proteins while inducing 

angiogenesis and adversely impact the expression of transporter proteins that help maintain 

homeostasis. Mfsd2a, a DHA transporter, downregulated within the endothelial cells of the BTB, 

has been found to be attributed to widespread leakage 60. Significant loss of perivascular 

astrocytes in the developing BTB and a subsequent decrease in TGFβ1 was speculated to 

decrease Mfsd2a expression, thereby reducing the protective properties of endothelial cells in the 

BTB 60. Liquid chromatography with tandem mass spectrometry measurements of GBM 

vasculature samples show a significant decrease of facilitator transporter Glut1 and efflux 

transporters ABCB1 And ABCG2 104. Disruption of these transport markers likely play a large 

part in BTB permeability, as shown in knockout models showing increased influx of fluorescent 

labeled 10 kDa dextran into the normal tissue parenchyma 37. 

Reduction in pericyte numbers correlates with increased permeability within the BTB. In a 

clinical study following GBM patients, pericyte coverage was inversely correlated to the 

prognosis of patients treated with chemotherapeutic drugs 105. The authors attribute the extended 

life span of these patients to the increase in BTB permeability, allowing enhanced 

chemotherapeutic access to the tumors. In breast cancer metastasis of the brain, it was found that 



 

13 
 

PDGFRβ+ pericytes decreased by 75%, while Desmin+ pericyte cell numbers more than doubled 

along the BTB 103. Desmin+ pericytes are less involved with protection of the BBB than their 

PDGFRβ+ counterparts and are found to migrate and accumulate in newly forming BTB to 

promote angiogenesis 106. While further work is required to determine the individual roles of 

these different classes of pericytes, it is interesting to note that the BTB can alter subpopulations 

of these cells to actively modulate vascularization.  

As gliomas grow and co-opt surrounding blood vessels, astrocytic endfeet are displaced from the 

vasculature, thereby disrupting homeostasis of the surrounding neurons 90,107–109. As gliomas 

increasingly co-opt the NVU, they produce VEGF to elicit angiogenesis, promoting blood vessel 

dilation and regional NVU permeability along the BTB 15. Astrocytic endfeet also play a role in 

brain metastasis, as activated astrocytes physically surround the growing lesion to trigger a 

neuroinflammatory response. Activated astrocytes have been found to upregulate astrocytic 

sphigosine-1 phosphate receptor 3 (S1P3) which was found to inhibit constriction of the BTB. 

Additionally, by knocking down S1P3 in an in vitro model of activated or reactive astrocytes, 

reduced permeability was found within both the BBB and BTB as well as decreases in secreted 

chemokines, growth factors and interleukins 110. While astrocytes are not as directly involved in 

forming a physical barrier as pericytes and endothelial cells, they play key regulatory roles in the 

secretion of multiple factors that maintain equilibrium among the collective components of the 

NVU.  

Radiation induced changed within the BBB and BTB.  

Radiotherapy is frequently prescribed for the treatment of CNS tumors and vascular 

malformations, inducing damage to the target region as well as to any normal tissue along the 

path of the beam. Damage produced by irradiation of tissue is caused by both direct and indirect 
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pathways. Direct ionization of cellular macromolecules including DNA, RNA, lipids and 

proteins can induce lethal or sublethal damage to a cell 111. Ionizing radiation also indirectly 

damages cells through the generation of reactive oxygen species that damage intracellular target 

molecules 111. Resultant damage can lead to mitotic catastrophe, necrosis, apoptosis, autophagy, 

or senescence (Figure 1.2). As a potent radiosensitizer, oxygen levels play a large role in 

dictating therapeutic outcomes, and vascular irregularities common to tumors routinely lead to 

hypoxia that compromises curative intent. Dose fractionation, beam modalities, and stereotaxic 

approaches are used to maximize damage to the tumor while minimizing exposure to the 

surrounding normal tissue. However, unavoidable vascular injury to normal tissues can still 

impact both acute and late responses to radiotherapy. Of particular concern to clinicians is the 

development of edema and the increased risk of stroke, late effects that transpire in the irradiated 

brain alongside white matter necrosis, lacunar infarcts, and parenchymal calcification, although 

each transpires with temporally distinct onsets 112.  

Shortly after CNS irradiation, injection of radioactive tracers or fluorescent dyes indicate leakage 

of the BBB in human clinical trials, and in in vitro and in vivo models 18,113–119. Within the first 

24 hours after irradiation, vascular leakage is attributed to radiation-induced cell death. In one 

study, a 25 Gy dose resulted in a 15% reduction of endothelial cells within the CNS 24h later 120. 

Direct irradiation, or subsequent ROS production can induce apoptosis, typically starting at 4 

hours post-irradiation and peaking at approximately 12 hours, leaving gaps within the barrier 121–

123. Functional alterations persisting in irradiated endothelial cells that survive exposure can 

contribute further to permeability. Interestingly, endothelial cell expression of P-glycoprotein as 

well as modified glutathione, which upregulates efflux transporters, has been shown to increase 

after radiation exposure 124,125. Such an effect can compromise treatment efficacy, as radiation 
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induced overexpression of efflux transporters reduces the half-life of chemotherapeutics in the 

tumor. 

Radiation exposure has also been shown to induce delayed vascular dilation within the brain, 

likely due to an increase in endothelial nitric oxide synthase (eNOS) production [113,114 115]. 

Over expression of eNOS has, in part been linked to induction of vasogenic edema 126,127 which 

can elevate intracranial pressure leading to white matter necrosis. Breakdown of the BBB allows 

for intravascular proteins and fluid exchange into the extracellular space. Areas of white matter 

are particularly susceptible due to lowered tissue density, increased number of parallel axonal 

tracts and the ability of fluids to enter and travel along the white matter tracts 128. Furthermore, 

vasogenic edema contributes to only a portion of intracranial pressure build up, as the 

glymphatic system should work to reduce pressure and remove waste. It is likely that the 

glymphatic system is compromised after radiotherapy, however, to date few studies have directly 

interrogated glymphatic system function after clinical radiotherapy regimens.  

As detailed above, TJ proteins between endothelial cells dictate the integrity of the BBB.  While 

cranial irradiation leads to minimal changes in TJ protein levels within 24 hours, modifications 

are found within the subsequent weeks 9,118, where reduced levels of TJ proteins were observed.  

Protracted changes in TJ proteins may portend longer-term cerebrovascular complications such 

as stroke and edema 129–131. Of particular interest is the expression of VEGF, as it has been 

shown to be upregulated after irradiation and is known to alter expression and phosphorylation of 

TJ proteins 62,132,133. While anti-VEGF treatments have proved to be relatively ineffective in 

clinical efforts to forestall tumor vascularization and growth 134, they may reduce fenestrations 

and damage to TJs 135,136. 
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Pericytes of the BBB are particularly susceptible to radiation induced cell death and could 

contribute regions of necrosis in the brain through reduced vasculature homeostasis. In a post-

mortem analysis of normal tissue after GBM treatment, Lee et al. found that radionecrotic tissues 

of the BBB were devoid of pericyte support cells even though no morphological changes to the 

vasculature were found 137. The authors posit that the lack of pericyte support within the cerebral 

vasculature could be responsible for fibrinoid necrosis and telangiectasis; However, it could be 

possible that cell death of these pericytes is caused by some unknown factor in the regions of 

necrosis. While this study provides the first evidence linking pericyte loss to radiation necrosis, it 

has also been found that loss of these cells leads to increased neuroinflammation in pericyte 

deficient mouse models 138 and permanent vascular constriction 45. It is therefore pertinent to the 

field of radiobiology to further investigate the radio-response of pericyte cells as they may play a 

vital role in regulating the neuroinflammatory response post-irradiation. Indeed, strategies able to 

augment or recruit pericytes to the BTB could improve GBM therapeutic outcome by improving 

vascularization, reducing hypoxia and enhancing radiosensitivity 100,139.  

In addition to cells of the NVU being susceptible to radiation induced apoptosis, senescence 

remains a great concern as it initiates persistent injury signatures within the normal tissue. 

Endothelial cells that survive radiation exposure may enter senescence which leads to further 

breakdown of the vasculature 140–142. Studies in senescence accelerated mice (SAMP8), increases 

in BBB leakage were found from the initial screening at 3 months of age until end of life at 12-

15 months 143,144. Such data suggest that BBB damage from senescent endothelial cells is not 

repaired and/or contributes to a senescence associated secretory phenotype (SASP) and may 

persist chronically. SASP modified cell expression alters interleukins, chemokines, growth 

factors, and proteases that create a protumorigenic environment by enabling tumor growth and 
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metastasis 145. In addition to endothelial cells, radiation-induced senescence of astrocytes is of 

particular concern as these cells escape apoptosis and linger within the parenchyma to foster 

chronic inflammation 146. Senescent astrocytes have been reported to secrete proinflammatory 

cytokines IL-6, IL-1β, TNF-α 147,148 which can mediate persistent inflammatory signaling in the 

irradiated brain 149,150. 
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Figure 1.2: Irradiation of the blood brain barrier leads to damage of the neurovascular 

unit. 

Vasculature of the BBB is susceptible to radiotherapy treatment, inducing modifications to protein 

expression and apoptosis and senescence of cells that alter homeostasis. (A) Normal BBB expresses high 

levels of TJ proteins, sealing gaps between endothelial cells, preventing paracellular crossing. Expression 

of efferent pumps on the lumen side of endothelial cells actively work to remove foreign materials and 

chemotherapeutic drugs from the brain. Pericytes embedded within the basement membrane provide 

support and regulation over dilation and TJ expression.  Astrocytic endfeet express aquaporin protein 

(AQP4), regulating fluid transfer across the membrane. (B) Radiotherapy induces leakage of the BBB 

through apoptosis and senescence in cells of the NVU. Additionally, declines in TJ protein expression 

lead to vascular leakage through paracellular channels. Pericyte subpopulations respond to BBB damage 

by reducing expression of PDGFRβ and replacing it with desmin. Astrocytes produce irregular expression 

of AQP4, contributing directly to dysregulated fluid transfer into the CNS, causing edema. (C) Ultra-high 

dose rate FLASH irradiation protects the vasculature through reduced induction of cellular apoptosis and 

conservation of TJ proteins. Due to the normal tissue sparing effect observed in previous FLASH 

irradiation studies, we hypothesize that protection of the BBB is due to reduced toxicity to endothelial 

cells, pericytes, and astrocytic endfeet.  
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Bypassing the BBB and BTB 

The idea that radiation alone or in combination with chemotherapy might provide an avenue for 

increasing the efficacy of brain tumor treatments has been a topic explored extensively 25,100,151. 

Under normal, healthy conditions, endothelial cells of the BBB are known to actively remove 

anticancer agents by way of ATP dependent efflux transporters, reducing cytotoxicity 21–23,152. 

By using tumor targeted therapies, clinicians could capitalize on the inherent leakiness of the 

BTB, while the intact BBB protects the normal tissue from treatments. While tumor morphology 

is generally thought to play a role in permeability, as masses of larger size exhibit more leakage 

than smaller tumors 93,153,154, some observations contradict this assertion 117. To further 

complicate matters, tumor lineage must be considered, as phenotypic differences between GBM 

and metastatic tumors of various other origins influence success of induced permeabilization. 

Measurements of tumors indicated that morphometrically GBMs are far more engrafted into the 

normal tissue of the CNS while metastases are generally ovoidal in shape with a clearly defined 

border. Both tumor types have similar levels of cerebral blood flow, however GBMs are more 

prone to hemorrhaging, indicating potential predisposition to leakage on a greater scale than 

secondary tumors 155,156. One factor to consider is that alterations to metastatic permeability are 

likely due to the genetic background of the founding tumor along with patient specific factors 

such as sex and age and origin of the metastasis. Differences in cytokine pattern expression from 

metastatic tumor origins could potentially lead to different vasculature phenotypes. One 

particular observation has shown that edema around secondary metastatic tumors is far higher 

when they originated in the lung as compared to the breast 157, likely due to increased 

aggressiveness and inflammation in lung cancer. Unfortunately, current literature lacks critical 

reviews of vasculature phenotypes of different metastatic tumors, as it may become clear that 
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bypassing the BTB will require therapeutic treatment tailored to metastasis origins. Numerous 

studies have been performed to bypass the BBB or BTB by use of both physical and chemical 

interventions to improve efficacy of drug delivery. While many of these techniques have proven 

to increase permeability of the BBB, few have been shown to improve clinical treatment 

efficacy.  

-Radiation 

As described, radiation alters the microenvironment of both tumor and normal tissues though a 

variety of mechanisms. The effects of radiation exposure on the BBB have been studied for 

decades  158–160, and while numerous animal studies have reported an increase in BBB 

permeability, these effects have been difficult to leverage for therapeutic gain when applied to 

the BTB. In part this may be due to difficulties in defining a reliable window of time following 

irradiation to deliver chemotherapeutic interventions. In studies of radiation induced BBB 

openings in mice, a single acute 20 Gy dose induced openings in the BBB that can manifest 

anywhere between 24 hours and 90 days post irradiation 140,161.  One particular study suggests 

that to induce permeability of the BBB, total doses of 20-30 Gy delivered at 3 Gy/fraction are 

required 162; however, to reduce long-term neurotoxicity it also been suggested that fraction sizes 

of under 2 Gy are required 1. Late responding tissues (i.e., brain, spinal cord, lung, esophagus, 

kidney) to radiation toxicities have long been known to be sensitive to the dose/fraction.  

Additionally, the dynamics of radiation induced BTB permeability follow very different kinetics 

within a given tumor as they are heterogeneous, fluctuating with density and distance from 

sources of oxygen. These considerations are clearly impacted by tumor size as Teng et al. has 

found that while small metastatic tumors exhibit less leakage than larger, they display higher 

levels of radiation induced leakage in human patients 17. Such data suggests limitations in the 
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amount of radiation induced vascular leakage that can be induced in tumors, prompting the 

search for alternative treatments to enhance the potential of this therapeutic strategy.  

Radiotherapy fractionation schedules must also account for total dose, number of fractions, tissue 

organization, and target volumes to minimize early and late toxicities.  While late toxicities in 

the brain and other tissues are largely attributed to functional changes in parenchymal cells 

involving secondary cascades of oxidative stress and inflammation, stromal compartments 

cannot be discounted.  Indeed, precisely how different primary and secondary malignancies in 

the brain recruit, organize and re-program host stromal cells and the microenvironment will 

likely dictate the success of any strategy designed to transiently permeabilize the BTB.  In 

support of this, other methods of permeabilizing the BTB are likely required to open the 

vasculature up enough to support therapeutic gains. 

-Mechanical disruption of the BBB 

Hyperosmotic agents and focused ultrasound (FUS) are two primary methods of mechanical 

BBB disruptions that increase permeability in the vasculature by exerting pressure on endothelial 

cells and TJ proteins. For several decades, osmotic disruption of the BBB has been studied with 

mixed results.  Initially early studies discovered that injecting hyperosmotic solution of urea led 

to shrinkage of the endothelial cells, breaking TJ bonds and allowing agents within the blood to 

pass through paracellular pathways 163,164. These principal findings led to the experimental use of 

mannitol, another hyperosmotic agent, just prior to chemotherapeutic delivery to prime the BBB 

and BTB for uptake. Limited clinical studies of mannitol, delivered via the carotid artery just 

prior to chemotherapy, have shown improved delivery of chemotherapeutic agents in both 

normal and tumor tissue 165,166. However, use of hyperosmotic agents lack the specificity to open 

only the BTB, ultimately leading to difficulty in leveraging therapeutic gain as tumor and normal 
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tissue damage from chemotherapeutics will have to be balanced. Additionally, this treatment is 

particularly difficult to perform as a surgically implanted intra-arterial cranial catheter is 

required, involving an extended hospital stay and the use of general anesthesia and is not without 

risk.    

One of the more promising and far less invasive methods of mechanical BBB disruption is the 

combined use of circulating microbubbles (MB) and FUS. Having first been investigated to 

induce thermal lesions within the brain (Lynn et al., 1942), increased permeability of the BBB 

was found as a side effect for a brief period of ~24 hours 167. Currently accepted methods utilize 

an injection of lipid, albumin, or polymer MB which are then vibrated using FUS, causing a 

physical disruption of the vasculature for anywhere between 6 and 24 hours after treatment 167–

169. Though the exact mechanism of opening the BBB is unknown, it is hypothesized that rapid 

expansion and contraction of the microbubbles exerts pressure against the vessel walls to break 

the TJs of non-fenestrated capillaries.  

While FUS holds promise as a novel technique to aid in drug delivery past the BBB, the overall 

safety is still being evaluated. FUS has been used within numerous regions of the human brain 

with only mild to moderate side effects 170; however one of those side effects, a short lived 

inflammatory response, has received attention as of late. Upregulation of gene transcription 

associated with inflammation has been observed 6 hours post-FUS+MB that returned to baseline 

within 24 hours 171. Additionally, numerous proinflammatory markers including in IBA-1, 

GFAP, CD68, and apoptosis (Tunel+) were found to increase within the first 24 hours 172. 

Genomic analysis corroborated these findings as upregulation of inflammatory genes were 

correlated to an increase in BBB permeability after receiving FUS+MB 171. While FUS+MB 
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induced inflammation is of concern and requires further interrogation, human clinical studies 

have continued showing minimal side effects. 

-Manipulation of receptor-mediated transporters  

Receptor mediated transporters embedded within endothelial cell of the BBB and BTB actively 

work to pull molecules across the vasculature. It has been hypothesized that manipulation of 

these transporters using chemical interventions and antigen masking could allow chemicals to 

cross into the parenchyma; however, these studies have found limited success. In one approach, 

strategies were developed to expose transferrin and insulin receptors by masking drugs with 

antibodies that would facilitate transport across the BTB 173. Of particular interest to researchers 

was the manipulation of transferrin receptor as it has been found that they are over expressed 

within tumors 174. Early clinical trials presented great success in a variety of cancer types 175, 

however phase-III trials indicated high level of toxicity for the transferrin conjugates 176. Despite 

tumor overexpression of transferrin, limitations of this treatment are due to ubiquitous expression 

of this receptor throughout the body, allowing for dispersal of toxic drugs in a not specific 

manner.  

Others have experimented using a class of antibodies called “angiopeps” that target lipoprotein 

receptor-related protein (LRP-1) 20,177. Development of a new drug combining paclitaxel and the 

angiopep2 protein called ANG1005 was hypothesized to cross the BBB via LRP-1 mediated 

transcytosis. One study implementing ANG1005 using tumor-bearing and tumor-free mice found 

that it was able to cross both the BBB and BTB, but uptake was only 30-40% of the expected 

value in either 178. The authors speculated that this was due to either multiple unknown uptake 

mechanisms or transport played a much smaller role in transiting these conjugates across the 

BBB/BTB than anticipated. Phase-II clinical trial in patients with breast cancer metastasis 



 

24 
 

underwent ANG1005 treatment leading to a an increased treatment effect 179. Phase-III trials are 

underway and are expected to be completed in 2024. This drug, similar to many other treatments 

previously discussed is nonspecifically distributed and requires dose limitations due to normal 

tissue toxicity. The lack of tumor specificity in many of these treatments highlights the need to 

further understand differences between the BBB and BTB to hopefully lead to the development 

of targeted therapeutic treatments.  

FLASH Radiotherapy 

Modern day radiotherapy reduces normal tissue injury by implementing select fractionation 

schemes tailored to tumors residing in early (e.g. GI) or late (e.g. CNS) responding normal tissue 

beds.  Fractionation along with advancements in conformal beam delivery have resulted in 

significant benefits, but collateral damage remains problematic for normal tissues, and dictates 

dose limiting toxicities that define the maximum tolerated dose that can be prescribed.  In this 

light, evidence does not support the hypothesis that the vascular compartment is the dominant 

factor dictating neurocognitive outcomes following cranial radiotherapy, although for 

cerebrovascular complications, vascular and stromal compartments are likely to play prominent 

roles.  Regardless of the target, recent developments in ultra-high dose rate “FLASH” 

radiotherapy using instantaneous dose rates ≥ 106 Gy/sec may provide novel capability to resolve 

many long-standing issues related to dose limiting normal tissue toxicities.  Central to this 

emerging radiation modality is that dose rate modulation can be used for therapeutic gain.  

Evidence in support of this comes from multiple preclinical models, but perhaps most 

convincingly in the CNS.  FLASH radiotherapy has been found to elicit isoefficient tumor kill, 

but in the relative absence of normal tissue complications that confound standard-of-care 

conventional irradiation protocols using low dose rates of ≥ 0.01 Gy/sec 3,5,180,181. While recent 
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interest in this new technique has been robust, to date, only one study has focused on the 

protective impact of FLASH radiotherapy on the BBB.  In that work, FLASH irradiation was 

found to preserve TJ proteins and reduce eNOS dependent vasculature dilation, a beneficial 

effect not observed after conventional irradiation 9.  

Given the widespread normal tissue benefits of FLASH radiotherapy, within and peripheral to 

the CNS, it is plausible that cells within the NVU exposed to ultra-high dose rate radiation will 

undergo reduced apoptosis and/or senescence, thereby aiding in the maintenance of BBB 

integrity (Figure 2-C.).  Beyond the CNS, Velalopoulou et al., (2021) has shown peripheral 

vascular benefits using proton irradiation delivered at 69 Gy/sec (i.e. proton FLASH) to the hind 

limb in rodents. Irradiation of the highly vascularized hind limb by either proton FLASH or 

conventional proton dose rates produced an equal amount of low-grade lymphedema 

approximately 7 weeks later in rats. Conversely, standard dose rate irradiation, but not proton 

FLASH, led to severe late onset lymphedema, hypothesized to have developed from late forming 

fibrosis 182.  While the extent to which radiation induced disruptions to glymphatic clearance in 

the CNS remain uncertain, the study by Velalopoulou et. al. does suggest that protection of 

lymphatic clearance can be realized by FLASH. As the mechanism of action behind the 

protective effects of FLASH on normal tissue remain incompletely understood, additional studies 

are warranted to elucidate the extent of BBB protection and its potential differential impact on 

the BTB. This underscores the need for more definitive comparisons between radiation dose 

rates on the cerebral and tumor vasculature in efforts to translate this promising technology from 

the preclinical to clinical setting. 
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Conclusions and Future Perspectives 

Radiotherapy is a double-edged sword when treating CNS tumors, while effective at forestalling 

tumor growth it invariably damages the delicate normal tissue structures that are critical to 

neurocognitive functionality. Despite ever improving radiotherapeutic modalities, overall 

survival of GBM patients remains dismal, and normal tissue complications resulting from cranial 

irradiation of primary and secondary CNS malignancies still confound quality of life. The latter 

is particularly true for childhood brain cancer, where despite success in eradicating tumors, 

longer term survival is plagued by neurocognitive and cerebrovascular complications.   

Fractionation schedules and stereotactic approaches have been adapted to reduce the amount of 

normal tissue damage, however, unintended consequences of treatment that manifest as cognitive 

dysfunction, edema, white matter necrosis, lacunar infarcts, and parenchymal calcification 

remain unmet medical needs.  

This introduction highlights the current state of radiotherapeutic interventions and its limitations 

as a tool to permeabilize the BTB, where transient and incomplete opening of the tumor 

vasculature preclude optimal penetrance of drugs to the tumor parenchyma. While more focused 

research efforts have been placed on opening the BTB with radiation, the promise of alternative 

approaches involving focused ultrasound and angiopeps, have yet to be optimized. Given the 

foregoing, and the limitations of treating cerebral tumors with drugs, radiotherapy will likely 

remain a frontline treatment for controlling malignant growth in the brain.  Thus, oncologists 

must balance curative intent that is largely dependent on delivering higher total doses, against the 

cost of elevating normal tissue damage, which becomes increasingly difficult with larger 

treatment volumes that may include critical structures.  
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This review has focused on differences that distinguish the radiobiological effects on the BBB 

from those observed for the BTB, highlighting the dysregulated development and leaky nature of 

the tumor vasculature that is primarily driven by hypoxia, cell senescence, and loss of proteins 

and transporters. While the current state of technology has not produced robust interventions to 

improve chemotherapeutic delivery to the tumor parenchyma in the brain, it remains a task 

worthy of continued investigation, especially given the adverse clinical outcomes facing brain 

tumor patients. Understanding key distinctions between the BBB and BTB will be critically 

important to address the efficacy of future interventions targeted to the vasculature. Ultimately 

this will lead to a more comprehensive understanding of the fundamental biological variations 

between normal and tumor tissues and how they can be exploited more effectively for 

therapeutic gain. 
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The FLASH effect protects the CNS vasculature at early points in adult female mice. 

Abstract 

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 radiotherapy (RT) at conventional (CONV) dose rate elicits short-term 

damage to the blood brain barrier (BBB) by disrupting supportive cells, vasculature volume and 

tight junction proteins. While current clinical applications of cranial radiotherapy use dose 

fractionation to reduce normal tissue damage, these treatments still cause significant 

complications. As dose escalation would enhance 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 upon the use of ultra-high dose rate FLASH-

radiotherapy (FLASH-RT) that does not induce the classical pathogenic patterns caused by 

CONV irradiation. Our previous studies have optimized the physical parameters required to 

minimize normal brain toxicity (i.e. FLASH-RT, instantaneous intra-pulse dose rate, 6.9·106 

Gy/s, at a mean dose rate of 2500 Gy/s) and are used in the present study to determine the impact 

of FLASH-RT on the integrity of the vasculature and the blood brain barrier.  Both early (24-

hour, 1-week) and late (1-month) time points post-RT were investigated using C57Bl/6J 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 (>106 Gy/s) irradiation.  While the majority of 

changes found 1 day following exposure were minimal, FLASH-RT was found to reduce levels 

of apoptosis in the neurogenic regions of the brain at this time.   At the 1-week and 1-month 

times, it was found that the CONV irradiation induced vascular dilation, a well described sign of 

vascular alteration, while FLASH minimized these effects.  These results were positively 
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correlated with and temporally coincident to changes in the immunostaining of the vasodilator 

eNOS colocalized to the vasculature, suggestive of possible dysregulation in blood flow at these 

latter times. Overall expression of the tight junction proteins Occludin and Claudin-5, that was 

significantly reduced after CONV-RT, remained unchanged in the FLASH-RT brains at 1- and 4- 

weeks post-RT. Our data further confirms that compared to isodoses of CONV irradiation known 

to elicit detrimental effects, FLASH-RT does not damage the normal vasculature.  These data 

now provide the first evidence that FLASH-RT preserves microvasculature integrity in the brain, 

which may prove beneficial to cognition while allowing for better tumor control in the clinic. 
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Introduction 

Radiotherapy is a frontline treatment for nearly all CNS malignancies183,184, and is frequently 

implemented to eradicate certain vascular abnormalities such as arteriovenous malformations 

(AVM)185.  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 reviewed186,187, and in the case of radiotherapy the risk of 

stroke is nearly doubled188.  This is a particular concern for survivors of medulloblastoma189,190, 

also prone to cerebral microbleeds191 and vascular changes including vasculopathy resulting from 

their intensive cranio-spinal irradiation regimen using photons or protons192,193.  Higher dose (up 

to 25Gy) 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 brain194–197. 

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 relationships198.  Neurocognitive 

dysfunction can manifest after single doses in the 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) imaging199.  

Regardless of the mechanistic link, what is certain is 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, ultra-

high dose rate FLASH-radiotherapy (FLASH-RT) has generated considerable excitement due to 

its marked capability to minimize normal tissue complications in a variety of organs using 
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multiple pre-clinical models, and at least to this point, without compromising tumor 

control200,201.  In the brain, FLASH irradiation has been shown to spare a variety of 

neurocognitive indices, preserve host neuronal structure and attenuate neuroinflammation, 

evidenced by reductions in astrogliosis and microgliosis2.  Despite the documented benefits of 

FLASH using fish, rodents, cats and mini-pigs2,5,7,200, details regarding the impact of this novel 

irradiation modality on vascular endpoints is relatively unknown.  Prior work analyzing the 

pulmonary vasculature has demonstrated the capability of FLASH-RT to reduce damage by 

preventing the activation of apoptotic cascades caused by conventional dose rates202.  However, 

whether or not the benefits of FLASH-RT would extend to the complex blood brain barrier, 

responsible in part for maintaining CNS integrity was unknown, and provided the impetus for 

undertaking the present studies. 

Our group has now published significant data demonstrating the neuroprotective effects of 

FLASH-RT and defined the critical physical parameters required2,5.  Specifically, past studies in 

mice have defined dose rate cutoffs for neurocognitive sparing following acute (≤10 Gy), whole 

brain irradiation (WBI).  Related work has found that neuroprotective benefits resulting from 

FLASH-RT when compared to conventional dose rate irradiation (CONV-RT) extend from early 

(1-month) to later (6-month) post-irradiation times2.  In this study, we sought to evaluate the 

response of the vasculature in the brain to either irradiation modality at early times (24-hour and 

1-week) after exposure to a relatively higher single dose (25 Gy, WBI) in efforts to approximate 

the radiotherapeutic management of certain vascular abnormalities.  In addition, we analyzed 

vascular changes in the CNS at a later time (1-month), using a single dose (10 Gy, WBI) known 

to compromise long-term cognition. Here we provide some of the first evidence that FLASH-RT 
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provides significant protection to the CNS vasculature when compared against isodoses 

delivered at conventional dose rates.  
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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/6J mice were purchased from Charles 

River Laboratories (France) and aged until 10 weeks when they were irradiated.  

Irradiation 

Single fraction, WBI were performed on a prototype Oriatron 6e, 6MeV electron beam linear 

accelerator (LINAC) at the Lausanne University Hospital as previously described203. Dosimetry 

has been extensively described and published to ensure reproducible reliable delivery203–206. For 

short term studies, animals received a single dose of 25 Gy head-only using a 17mm graphite 

applicator at either conventional dose rate (CONV-RT; 0.09 Gy/s) or ultra-high dose rate 

FLASH radiotherapy (FLASH-RT, instantaneous intrapulse dose rate, 6.9·106 Gy/s at a mean 

dose rate of 2500 Gy/s) (Table 2.1). These animals were euthanized 24 hours (n=12 per group) 

or 1 week (n=12 per group) after irradiation 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 

stated conventional dose rate or FLASH-RT (delivered at 5.6·106 Gy/sec in a single 1.8 µs pulse) 

(Table 2.1). These animals were euthanized 1 month after irradiation and 30 min after tomato 

lectin injection. 

Lectin injection and perfusions 

To accurately image microvasculature of the brain, half of all treatment groups were injected 

with tomato lectin (Vector Laboratories, Burlingame) 30 min prior to sacrifice. 100 μg of lectin 
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(1 μg/1 μL saline) was delivered via retro orbital iv. injections (Vector Labs: Dylight 488 

Tomato Lectin) using a 32-gauge syringe. Animals were then intracardiacally perfused using 25 

mL of heparinized saline, followed immediately by 75 mL of 4% paraformaldehyde using a Peri-

StarTM Pro peristaltic pump (World Precision Instruments) delivered at 16 mL/min. Brain tissue 

was extracted and allowed to fix overnight in 4% PFA at 4°C before being transferred to PBS + 

0.01% NaN3 for transportation and storage. Tissue later underwent a sucrose gradient (10%, 

20%, 30% per volume) and OCT (Leica: Surgipath FSC 22 Clear) embedded before being 

coronally sectioned at 30 μm using a cryostat, and then stored in PBS + 0.01% NaN3 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 μm apart. 

Immunofluorescence to detect the expression of Claudin-5 (CLDN5), Occludin (OCLN), and 

endothelial nitric oxide synthase (eNOS) were performed on lectin-injected tissues. Brain 

sections were initially washed and permeabilized with PBS + Triton (0.1%) and blocking was 

performed in 10% goat serum, 0.2% 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 CLDN5 (Rabbit anti-CLDN5, Invitrogen: 34-1600; 1:200), OCLN (Mouse anti-OCLN, 

Invitrogen:33-1500; 1:250), eNOS (Rabbit anti-eNOS, Invitrogen: PA3-031A; 1:250). The 

following day, tissues were incubated for 1 hour at room temperature with the following 

secondary antibodies: Goat anti-Mouse 647 (Abcam: ab150115; 1:500), Goat anti-Rabbit 594 

(Abcam: ab150080; 1:400), and Goat anti-Rabbit 647 (ThermoFisher Scientific: A27040; 1:400), 
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before being counterstained with DAPI. Tissues were then slide mounted and imaged at 40x 

using a Nikon (Nikon Eclipse Ti-E Confocal) or Olympus (Olympus FV3000 Confocal) at 40x.  

Volumetric analysis: 

Four hippocampal sections were selected from each lectin-perfused brain ~300 μm 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 the 

relationship to cognitive effects. Z-stack images were taken at 20 μm thickness and then 

processed in IMARIS 3D rendering software using a process previously described 28.  

IMARIS 3D Rendering:  

All Z-stack images were imported into IMARIS (version 9.3.1, Bitplane AG, Zurich, 

Switzerland) and deconvoluted using an adaptive, theoretical PSF batch processing. 

Deconvoluted images were then processed for 3D surface analysis for Lectin, OCLN, and 

CLDN5, while a spot analysis was used to analyze eNOS. When analyzing for tight junction 

markers, volumes of Lectin and either OCLN or CLDN5 were colocalized and volumes 

recorded. To evaluate the cellular regulation of the microvasculature, eNOS measurements were 

quantified based on the volume of any spot within 5 μm of 3D rendered Lectin. This allowed for 

removal of eNOS expression from other cell types not associated with the microvasculature.  

Apoptosis: 

Interrogation of apoptosis was performed on 2 sections per region (SVZ and DG), per animal 

(n=4), 24 hours post-irradiation. A TUNEL assay kit was used (Apoptag In Situ Apoptosis 

Detection Kit, Sigma-Aldrich) to quantify the number of Tdt+ cells that colocalized with DAPI 

positive nuclei in either the SVZ or DG. IMARIS software allowed for quantification of DAPI 

positive cells, while Tdt+ positive cells were scored blind by hand.  
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Table 2.1: Irradiation Parameters, Adult Vasculature 
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Results  

FLASH-RT does not induce vasogenic edema or eNOS in the microvasculature  

Previous work has found that conventional dose-rate irradiation influences overall blood vessel 

volume207. To determine the potential effects of FLASH-RT on the vascular compartment, 

irradiated animals were injected with lectin and blood vessel volume was measured. 

Representative images demonstrating the IMARIS 3D rendering of lectin are shown (Fig. 2.1A). 

Data revealed no significant changes at 24-hours [F(2,43)=0.7725, p=0.4682] (Fig. 2.1B), 

however, a significant group effect was found at 1-week post-irradiation [F(2,45)=8.059, p=0.001] 

(Fig. 2.1C). A significant increase in total blood vessel volume was observed after CONV-RT 

when compared to control (p≤0.01), whereas no modifications in volume were observed after 

FLASH-RT 1-week post-25 Gy irradiation.  
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Figure 2.1: FLASH-RT does not induce vascular dilation within the brain 

microvasculature. 

Animals were injected with tomato lectin 30 minutes prior to sacrifice and volumetric analysis 

was performed. A, Representative images of lectin volume quantification at 1-week post 

irradiation (Scale bars: 20 and 70 μm).  B-C, Quantification of lectin volume at 24-hour and 1-

week after a 25 Gy dose.  CONV-RT increased the total volume of lectin at 1-week when 

compared to Control and FLASH-RT.  Data is shown as the mean ± SEM (n=4 per group, 4 

images analyzed per animal).  P-values were calculated using an ANOVA with Bonferroni’s 

multiple comparisons test (* = p<0.05, ** = p≤0.01). 
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Expression of eNOS has been demonstrated to induce vasogenic dilation and/or edema by 

production of NO126,208. To investigate eNOS’s contribution to the vasogenic edema shown in 

Fig. 1, we measured eNOS production in the molecular layer and stratum radiatum within the 

hippocampus (Fig. 2.2). Representative images show eNOS expression throughout these regions 

of the hippocampus (Fig. 2.2A). Consistent with previous observations, eNOS was also 

expressed within the dentate gyrus, pyramidal cells, and astrocytes209–211. 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 regulation. This allowed for quantification of protein levels within 

support cells of the microvasculature. No change in eNOS immunoreactivity was observed at 24-

hour post-irradiation in both CONV and FLASH-RT groups (Fig. 2.2B). Nevertheless, a 

significant group effect was observed at 1-week post-irradiation [F(2,31)= 5.753, p=0.0075] (Fig. 

2.2C). CONV-RT was responsible for increased eNOS immunoreactivity when compared to 

control (p≤0.05), whereas FLASH-RT produced no increase in eNOS expression (p≤0.05).  
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Figure 2.2: FLASH-RT did not elevate vascular eNOS in the brain. 

Volumetric analysis of eNOS colocalized with lectin were performed. A, Representative images 

of eNOS immunoreactivity converted to 3-D renderings using IMARIS at 1-week post 

irradiation (Scale Bars: 70 µm). B-C, Quantitative analysis of eNOS colocalized within 5µm of 

lectin stained microvasculature at 24-hours and 1-week. CONV-RT increased levels of eNOS-

lectin at 1-week when compared to control and FLASH-RT. Data is shown as the mean ± SEM 

(n=6 per group, 2 images analyzed per animal). P-values were calculated using an ANOVA with 

Bonferroni’s multiple comparisons test (* = p<0.05). 
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FLASH irradiation does not induce tight junction protein degeneration.   

Prior studies designed to interrogate the blood brain barrier utilized CLDN5 and OCLN as 

markers of the efficacy of epithelial cell adhesion212,213.  To determine the effect of CONV and 

FLASH-RT 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 (Fig. 2.3A).  No significant 

modifications in occludin expression were observed 24-hour post-irradiation (Fig 2.3B). 

However, analysis of OCLN/lectin colocalization at 1 week showed a significant group effect 

within the hippocampus [F(2,31)=12.12 , p <0.0001] (Fig. 2.3B) and the SVZ [F2,31)=11.92, p = 

0.0002] (Fig. 2.3B). Multiple comparisons analysis indicates significant drop in occludin 

expression after CONV-RT in both subregions (p< 0.05 and p < 0.001, hippocampus and SVZ 

respectively), whereas occludin expression was preserved in FLASH-irradiated brains.  A 

significant group effect for Claudin 5 immunoreactivity was observed 24-hour post-25 Gy 

irradiation within the hippocampus [F(2,29) = 7.219, p=0.0029] (Fig. 2.3C). Multiple comparisons 

test showed an increased level of CLDN5 colocalized to lectin in the hippocampus after FLASH-

RT when 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 CLDN5 immunoreactivity (Fig 

2.3C). However, by 1-week significant group effects were found within the hippocampus [F(2,30) 

=13.43, p<0.0001] (Fig. 2.3C) and the SVZ [F(2,29)=5.418, p=0.01] (Fig. 2.3C). Within the 

hippocampus, a significant drop in CLDN5 expression colocalized with lectin was observed after 

CONV-RT when compared to controls (p≤0.001), and FLASH-RT (p≤0.01). No change was 

observed after FLASH-RT compared to control. Within the SVZ, CLDN5 expression in the 

CONV-RT group was reduced compared to control (p≤0.01). Altogether, these results suggest 
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that FLASH-RT does not induce BBB alteration characterized by a decreased expression of tight 

junction proteins described after CONV-RT at early and late time points post-RT. 
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Figure 2.3: FLASH-RT did not reduce immunoreactivity of CLDN5-lectin and OCLN-

lectin as CONV-RT did, 1 week after irradiation. 

Volumetric analysis of markers CLDN5 and OCLN colocalized to lectin were quantified using 

IMARIS software. A, Representative images of CLDN5 and OCLN taken at the stratum 

radiatum of the hippocampus (Scale Bars: 10 μm). B-C, Analysis of OCLN and CLDN5 data at 

24-hour and 1-week time points within hippocampus and subventricular zone. CONV-RT 

showed a significant drop off of tight junction proteins at 1-week post-irradiation when 

compared to controls and FLASH-RT. Data is shown as the mean ± SEM (n=6 per group, 2 

images analyzed per animal). P-values were calculated using an ANOVA with Bonferroni’s 

multiple comparisons test (* = p≤0.05, ** = p≤0.01, *** = p≤0.001). 
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FLASH irradiation induces less apoptosis in the normal brain after 25 Gy. 

To determine if FLASH irradiation protected neurogenic regions (SVZ, DG) of the brain from 

early apoptosis, a TUNEL assay was performed 24 hours after exposure (Fig. 2.4). 

Representative images of the SVZ (left column) and dentate gyrus (right column) are shown 

(Fig. 2.4A).  Data revealed a significant group effect in both the SVZ [F(2,32)=32.36, p<0.0001) 

(Fig. 2.4B) and DG regions [F(2,28)=22.38, p<0.0001] (Fig. 2.4C). Within the SVZ, a marked 

increase in Tdt+ cells was observed after exposure to CONV-RT compared to control (p<0.0001) 

and FLASH (p≤0.05).  Increased levels of Tdt+ cells were also observed in the FLASH-RT 

group compared to the controls (p≤0.001) but were significantly lower than observed after 

CONV-RT (p<0.05).  Similar results were found in the hippocampal DG.  Exposure to CONV-

RT increased yields of Tdt+ cells compared to controls (p<0.0001) and FLASH (p≤0.01). 

Differences in the number of Tdt+ cells between control and FLASH irradiated cohorts were not 

statistically significant. These results indicate that FLASH-RT induced less apoptosis than 

CONV-RT in the neurogenic regions of the brain.  
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Figure 2.4: FLASH-RT reduces apoptosis compared to CONV-RT within neurogenic 

regions, 24 hours after irradiation.  

A TUNEL assay was performed to determine levels of apoptosis within the dentate gyrus and 

subventricular zone. CONV-RT irradiated animals exhibited a significant  increase when 

compared to FLASH-RT and control in both the SVZ  and DG. Representative images of Tdt+ 

cells within the SVZ (Left) and DG (Right) (Scale Bars: 30µm). B-C, Analysis of Tdt+ cells 

within the SVZ and DG at 24-hours post-irradiation. Data is shown as the mean ± SEM (n=6 per 

group, 2 images analyzed per animal).  P-values were calculated using an ANOVA with 

Bonferroni’s multiple comparisons test (* = p≤0.05, ** = p≤0.01, *** = p≤0.001, **** = 

p≤0.0001). 
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FLASH irradiation protects the microvasculature from radiation-induced deficits 1-month 

after exposure.    

To determine if a dose known to induce cognitive deficits (10 Gy) affects the microvasculature, 

measurements of vascular volume and eNOS vascular dilation were analyzed at 1-month post-

irradiation.  A significant group effect was found when analyzing total lectin volume [F(2,44)= 

11.91, p<0.0001] (Fig. 2.5A).  A significant increase in lectin volume was observed after 

CONV-RT when compared to controls (p≤0.001) and FLASH-RT (p<0.05) (Fig. 2.5A). While 

an increase in average lectin volume was measured for FLASH-RT compared to controls 

(p=0.075), no statistically significant change was found (Fig. 2.5A). eNOS colocalization was 

measured to determine if levels coincided with this increase increased vascular volume. Changes 

in the level of eNOS expression colocalized with the vasculature 1-month after exposure was 

found to have a significant group effect [F(2,32)= 5.075, p=0.0122) (Fig. 2.5B). Expression of 

eNOS in the hippocampus after CONV-RT was elevated significantly when compared to control 

(p≤0.05) and FLASH-RT (p≤0.05) groups, however, no significant change between control and 

FLASH-RT was observed.  
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Figure 2.5: FLASH irradiation protects against eNOS induced blood vessel dilation when 

compared to CONV irradiation after 1-month (10 Gy) in the hippocampus. 

Animals were injected with tomato lectin 30 minutes prior to sacrifice and volumetric analysis 

was performed. A, Quantification of lectin volume at 1-month post irradiation show that CONV 

dose rates cause an increase in Lectin volume after 10 Gy that is not observed after FLASH 

ultra-high dose rates. B, Colocalization of eNOS within 5µm of Lectin show that FLASH does 

not induce an increase in immunoreactivity while CONV does. Blood vessel volume data is 

shown as the mean ± SEM (n=4 per group, 4 images analyzed per animal). eNOS data is shown 

as the mean ± SEM (n=6 per group, 2 images analyzed per animal). P-values were calculated 

using an ANOVA with Bonferroni’s multiple comparisons test (* = p≤0.05, *** = p≤0.001). 
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Vascular integrity was also interrogated at 1-month (10 Gy) by measuring levels of tight junction 

proteins that colocalized with lectin.   Analysis of OCLN-lectin immunoreactivity indicates a 

significant group effect within the hippocampus [F(2,33)=4.922, p=0.0139]. Multiple comparison 

analysis reveal that control animals exhibited higher levels of OCLN-lectin colocalization when 

compared to CONV-RT (p≤0.05) and FLASH-RT(p≤0.05) (Fig. 2.6A). Within the SVZ, similar 

albeit non-significant trends were observed. 

Analysis of CLDN5-lectin immunoreactivity within the hippocampus uncovered a significant 

group effect [F(2,30)=4.288, p=0.0230], but not in the SVZ [F(2,27)=2.226, p=0.1274] (Fig. 2.6B). 

Compared to controls, FLASH-RT exhibited no statistical difference of CLDN5-lectin 

colocalization in the hippocampus, however, significant decreases were found in cohorts exposed 

to CONV-RT (p≤0.05).  Within the SVZ, CLDN5-lectin staining was increased significantly 

after FLASH-RT when compared to control (p≤0.05) and CONV-RT (p≤0.01). Decreased 

immunoreactivity of CLDN5 compared to controls was non-significant. Collectively, these data 

indicate that FLASH-RT protects against vascular dilation while providing some protection to 

markers of tight junctions, 1 month after irradiation.  
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Figure 2.6: FLASH-RT provides some protection against CONV-RT induced tight junction 

modification at 1-month (10 Gy) post irradiation. 

Volumetric analysis of OCLN and CLDN5 colocalization with Lectin were measured using 

IMARIS software within the stratum radiatum of the hippocampus and subventricular zone. A, 

Measurements of OCLN indicate that both FLASH and CONV irradiation decreased levels of 

immunoreactivity within the hippocampus, but do not significantly change levels within the SVZ 

compared to controls. B, FLASH irradiation does not induce a significant decrease in CLDN5 

that CONV dose rates do in the hippocampus. FLASH irradiation causes a significant increase of 

CLDN5 when compared to both CONV and control. Data is shown as the mean ± SEM (n=6 per 

group, 2 images analyzed per animal). P-values were calculated using an ANOVA with 

Bonferroni’s multiple comparisons test (* = p≤0.05, ** = p≤0.01). 
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Discussion 

Late occurring damage to the brain after radiotherapy is a significant concern for thousands of 

people who are treated for CNS malignancies each year.  Higher doses of cranial irradiation have 

been shown to temporarily induce microvasculature damage that are part of the initial radiation-

induced pathogenic signals30,214.  In the current study, we have shown that FLASH irradiation 

can circumvent some of the early and more persistent detrimental effects to the CNS 

microvasculature when compared to CONV-RT. We assessed key parameters including blood 

vessel volume, eNOS expression, tight junction morphology and expression to determine the 

impact of two irradiation modalities on brain microvasculature. Whether this might translate to 

reduced risk of hemorrhage, microbleeds, vasculopathy and/or stroke in patients subjected to 

cranial radiotherapy remains to be investigated in detail, but for survivors of pediatric brain 

malignancies, FLASH-RT provides a potentially new avenue for mitigating additional 

cerebrovascular complications from their radiotherapy, risks that have been clearly shown to 

only increase with age215. Results from this study corroborate with previous findings that normal 

tissue damage is reduced within the brain and other tissues2,5,202. Other CNS complications such 

as white matter necrosis216, hearing loss215 and vascular abnormalities resulting from larger field 

or targeted high dose approaches for treating AVM194,196,197,217 may also benefit from FLASH-

RT.  These findings have important repercussions for anyone subjected to cranial radiotherapy, 

known to cause not only cognitive dysfunction but to compromise longer-term cerebrovascular 

health.  

Aberrations to the morphology of the microvasculature have long been implicated in the 

progression of white matter necrosis likely caused by decreased metabolism stemming from 

reduced oxygen transfer198,218.  For the treatment of vascular abnormalities in humans, gamma 
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knife doses can range around 25 Gy, as they are very focused, and the irradiated volumes are 

small.  In our experiments, we had no access to conformal irradiation and used WBI.  In this 

context, 25 Gy delivered in a single fraction would be lethal, especially after CONV-RT.  

Therefore, to make vascular analyses feasible, animals were sampled at earlier post-RT times.  

While one study has reported on the CNS benefits 1-month following a 30 Gy WBI dose of 

FLASH-RT219, we opted to focus our study of 25 Gy to the earlier 24-hour and 1-week post 

irradiation times to ensure survival.  We chose to analyze the microvasculature morphology 

using lectin, as its ability to accurately stain the blood vessels has been found to be more accurate 

than that of the use of endothelial antibodies220. An analysis of the microvasculature indicates 

that CONV-RT induced a significant increase in vessel volume associated with production of the 

vasodilator eNOS221 at both 1-week (25 Gy) and 1-month (10 Gy). This indicates that CONV-RT 

treatment for vascular malformations as well as doses that are known to induce cognitive deficits 

induce microvascular disruption that are not observed after FLASH-RT at the same time points. 

While FLASH-RT prevented significant vessel volume dilation when compared to CONV-RT at 

1-month post-exposure, there was a non-significant increase in mean vessel size compared to 

controls, indicating that some level of vessel disruption does occur after FLASH-RT and could 

persist over time. While further studies at additional post-irradiation times are clearly needed to 

expand our findings, present data does point to the capability of FLASH-RT to attenuate changes 

in vessel volume.  

Alterations to microvasculature integrity can lead to debilitating effects in survivors that can 

develop months to years after treatment manifesting as white matter necrosis and/or edema222. 

Although the exact mechanism of delayed CNS radiation injury is not fully understood, the 

vascular injury hypothesis attributes many of the these detrimental effects to vascular dilation, 
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vascular wall thickening, endothelial cell nuclear enlargement and breakdown of tight 

junctions223. Results from this study indicate that FLASH-RT may reduce some of the potential 

underlying causes of clinically relevant vascular side effects. Additionally, previous studies from 

our group have shown that FLASH-RT produces a lower level of reactive oxygen species2 which 

may explain the decreased levels of eNOS reported in the present work. However, additional 

mechanisms can be involved.  It has been described that HSP90 and ATM phosphorylation 

induced during DNA repair were responsible for activation of eNOS30, suggesting that the 

attenuation of DNA damage after FLASH-RT, as recently reported by Fouillade et al224, could 

restrain eNOS expression and help maintain a normal vascular morphology. 

While the capability of FLASH-RT to reduce ROS production may well account for the observed 

reduction in apoptotic cells in the neurogenic regions of the SVZ and the DG, disruptions in the 

microvasculature and subsequent micro-environmental factors could also contribute to cell death. 

Previous studies have shown that proliferating neural precursor cells cluster around small 

vessels, suggesting that even small disruptions in homeostasis could negatively impact 

neurogenesis by altering cell survival and/or later recruitment of neural precursor cells225. It has 

also been shown that radiation-induced microvasculature changes could alter neurogenesis 

through changes in the microenvironment226. These data suggest that damage to the 

microvasculature could have persistent adverse effects on the regenerative reserve of the brain, 

an effect that FLASH-RT was able to circumvent, possibly through the preservation of vascular 

integrity.  Further work will be needed to more conclusively link the underlying causes 

impacting cerebrovascular and neurocognitive outcomes in the irradiated brain.  

Expression of tight junction proteins have been known to coincide with the overall integrity and 

permeability of the blood brain barrier30,212. We found that FLASH preserved the integrity of the 
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BBB when compared to CONV irradiation. Using markers for CLDN5 and OCLN, a stark 

difference between FLASH and CONV-RT 1-week after irradiation was observed. Interestingly, 

FLASH-RT caused a significant increase in CLDN5 and an upward trend in OCLN 24-hour 

compared to CONV-RT and control in the hippocampus, post-RT.  While further work is 

required to pinpoint the molecular basis of this transient increase (transcriptional, post-

translational, reduced turnover etc.) FLASH irradiation is clearly engaging different signaling 

pathways in the irradiated brain.  Interestingly, previous work has shown that breakdown of 

CLDN5 and OCLN is directly related to an inflammatory response involving VEGF62, 

suggesting that the observed attenuation of neuroinflammation following FLASH-RT2 may 

contribute to the preservation of tight junctions.  

This study serves to build on the growing body of knowledge supporting the “FLASH effect”, 

operationally defined as the capability of FLASH-RT to spare normal tissue toxicities. As early 

studies identified the dose rate as the essential parameter5,202, more recent work and publications 

emphasize that additional physics parameters such as the instantaneous dose rate, pulse 

frequency and pulse duration are critical to reach the FLASH effect2,227,228.  Here, using maximal 

electron current to produce the highest instantaneous dose rate possible with the eRT6 (Table 1), 

study of the FLASH effect has 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 post-irradiation times, our study demonstrates the beneficial impact of 

FLASH compared to CONV irradiation on important cerebrovascular endpoints.  The inclusion 

of additional functional studies coupled with dose fractionation to more thoroughly evaluate 

whether FLASH-RT might mitigate cerebral bleeds, stroke and white matter necrosis would also 

add important insights.  Findings here highlight the promising potential of this innovative 
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irradiation modality to minimize microvasculature complications and related side effects 

associated with cranial irradiation procedures, as well as other radiotherapeutic treatments 

tailored to manage head & neck and pancreatic malignancies. 
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Strengths and Weaknesses 

This preliminary project paved the way for future experiments designed to utilize strengths of 

this strategy while also addressing the goals that were not obtained. Primarily, these series of 

experiments were the first to address FLASH irradiation’s potential protection of the blood brain 

barrier by mitigating loss of tight junction proteins and reducing eNOS dependent edema. 

Additionally, use of several different timepoints and doses helped to elucidate the temporal 

effects on the BBB at 24 hours, 1 week, and 1-month post-irradiation. This study was also the 

first to find that FLASH protects the hippocampus and subventricular zone; both neurogenic 

niches that are viewed as vital to maintaining cognition.  

While this study helped to expand our understanding of the FLASH effect on the BBB, the 

limited scope of the project left a considerable number of questions to pursue. First, irradiations 

were only performed in female mice. Previous data has suggested that female animals are less 

susceptible to cognitive damage due to irradiation and inducing cognitive damage in 

conventional animals, we assume that future projects using males will yield similar results. 

Second, animals were irradiated without the presence of a brain tumor. Protection of the normal 

tissue is considered crucial in the clinic, but the project does not address the effects of irradiation 

on a CNS tumor. Third, doses used in this study are not considered to be clinically relevant and 

were selected for either large dose effect (25 Gy) or for doses that have been known to cause 

cognitive damage (10 Gy). Given that these data are preliminary, we escalate our dose in later 

studies to mimic palliative care. Fourth, while this study did indicate that damage was done to 

the BBB, we produced no functional endpoint that leakage did occur.  
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Elucidating the neurological mechanism of the FLASH effect in juvenile mice exposed to 

hypofractionated radiotherapy. 

Abstract 

Ultra-high dose-rate radiotherapy (FLASH-RT) affords improvements in the therapeutic index 

by minimizing normal tissue toxicities without compromising anti-tumor efficacy compared to 

conventional dose rate radiotherapy (CONV-RT). To investigate the translational potential of 

FLASH-RT to human pediatric medulloblastoma brain tumor, we used a radiosensitive juvenile 

mouse model to assess adverse long-term neurological outcomes. Three-week-old male and 

female C57Bl/6 mice exposed to hypofractionated (2×10 Gy) whole brain irradiation underwent 

behavioral testing to ascertain cognitive status four months post-treatment. Animals were 

sacrificed 6 months post-irradiation and tissues analyzed for neurological and cerebrovascular 

decrements. The neurological impact of FLASH-RT was analyzed over a 6-month follow-up. 

FLASH-RT ameliorated neurocognitive decrements induced by CONV-RT and preserved 

synaptic plasticity and integrity at the electrophysiological (long-term potentiation), molecular 

(synaptophysin) and structural (Bassoon/Homer-1 bouton) levels in multiple brain regions. The 

benefits of FLASH-RT were also linked to reduced neuroinflammation (activated microglia) and 

a preservation of cerebrovascular structure, by maintaining aquaporin-4 levels and minimizing 

microglia colocalized to vessels. Hypofractionated FLASH-RT affords significant and long-term 

normal tissue protection in the radiosensitive juvenile mouse brain when compared to CONV-

RT. The capability of FLASH-RT to preserve critical cognitive outcomes and 

electrophysiological properties over 6-months is noteworthy and highlight its potential for 

resolving long-standing complications faced by pediatric brain tumor survivors. While care must 
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be exercised before clinical translation is realized, present findings document the marked 

benefits of FLASH-RT that extend from synapse to cognition and the microvasculature. 
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Introduction 

Dose-rate modulation has now been recognized as a potential tool in the fight against cancer, as a 

wealth of recent preclinical data have now demonstrated that increasing the mean dose rate in 

excess of 100 Gy/s provides significant benefits in terms of reducing normal tissue toxicities 

without compromising tumor treatment2,3,181,229–231. The term FLASH radiotherapy (FLASH-RT) 

has been coined to distinguish the delivery of radiation at ultra-high dose rates under specific 

beam parameters from conventional dose rates (CONV) that are commonplace in clinical 

practice. As a preamble to clinical translation, investigators are now engaged across all 

interdisciplinary aspects of radiation oncology to elucidate optimal beam parameters, 

fractionation schedules and tissue-specific dose limiting toxicities and the mechanistic basis of 

how dose rate modulation discriminates between normal tissue and tumors.  

The toxicities associated with standard of care cranial radiotherapy have been well documented, 

and none are more pressing than the multifaceted and progressive cognitive deficits that manifest 

over protracted times. This is particularly true for pediatric brain tumor patients, where survival 

of those afflicted with the most common type of primary brain cancer, medulloblastoma (MB) 

exhibit a five-year survival rate of 73.7%24. Unfortunately, survivors of MB suffer from 

reductions in IQ, disruptions in mood and up to a 2-fold incidence of cerebral microbleeds and 

stroke resulting from their intensive cranial-spinal irradiation regimens, all factors that are unmet 

medical needs that severely compromise long-term quality of life232,233 

In recognition of these complications, our group previously evaluated the response of the highly 

radiosensitive juvenile brain to a large single 8 Gy dose of FLASH- or CONV-RT. Cohorts of 3-

week-old juvenile mice were evaluated on a variety of behavioral platforms starting 4 months 

after exposure to FLASH or CONV irradiation. Results confirmed significant learning and 
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memory deficits in CONV but not FLASH irradiated mice. Corroborating data found that 

FLASH-RT spared immature neurons and hippocampal neurogenesis, reduced 

neuroinflammation, and preserved plasma levels of growth hormone, all factors that were 

contributory if not causal to the beneficial neurocognitive outcomes of FLASH-RT231.  These 

encouraging results substantiated many of our past findings in the adult rodent brain and pointed 

to the feasibility of implementing FLASH-RT in a pediatric clinical setting. To substantiate 

further the dose tolerances of the juvenile rodent brain under a 2×10 Gy hypofractionated RT 

protocol and to elucidate the neurological mechanisms underlying normal tissue sparing in tumor 

free mice, we expanded our neurocognitive testing platform to include a new task termed 

objects-in-updated-location (OUL). The increased cognitive load (rigor) associated with this task 

can analyze multiple associative memory traces using a single test and yields outcomes 

comparable between rodents and humans234.  Behavioral data were coupled with an 

electrophysiological assessment of synaptic plasticity and long-term potentiation (LTP) in the 

hippocampus. With these critical functional outcomes assessed 4-6 months after irradiation, 

molecular follow up studies were performed on those same mice to define how brain function 

was maintained. To this end we analyzed synaptic density and structure, neuroinflammation and 

measures of cerebrovascular integrity. Here we report new findings that shed considerable light 

on normal tissue sparing in the FLASH irradiated juvenile mouse brain. 
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Materials and Methods 

Experimental Design 

To determine if an animal model of juvenile normal tissue damage is able to withstand further 

dose tolerances under a hypofractionated regiment, 3-week-old, immune competent, C57Bl/6 

mice were irradiated (2×10 Gy, FLASH or CONV irradiation, head only). Four months after 

irradiation, all animals underwent a battery of behavioral tests to assess neurocognitive effects of 

radiotherapy (n=12/sex/treatment). Six months post-irradiation, animals were sacrificed. Half of 

the male and female mice were administered tomato lectin (Vector® Laboratories, Burlingame, 

CA) via retro-orbital injection 30 minutes prior to PFA perfusion and used to assess vasculature 

and/or cognitive histological endpoints (n=6/sex/treatment). Remaining female mice were 

sacrificed for electrophysiology and hippocampal slices were prepared as previously described235 

(n=6/treatment). A schematic representation of the experimental design is represented in Figure 

3.1.   

Animals 

All animal procedures were conducted in accordance with the Swiss ethics committee (VD3603) 

and the University of California, Irvine Institutional Animal Care and Use Committee (IACUC, 

AUP-21-025) for animal experimentation. Pregnant female C57Bl/6 mice were purchased from 

Charles River Laboratories (France) and pups were aged until 3 weeks at which time they were 

irradiated. The inbred C57Bl/6 mouse model was chosen for this experiment as it is a 

multipurpose model that is frequently used for cognitive outcomes.  

Irradiation 
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Two-fraction, whole-brain irradiations were performed on a prototype Oriatron 6e, 6-MeV 

electron beam linear accelerator (LINAC) at the Lausanne University Hospital (Lausanne, 

Switzerland), as described elsewhere203. Dosimetry has been extensively described and published 

to ensure reproducible reliable delivery203–206. Animals received two whole-brain, head only, 

doses of 10 Gy, separated by 48 hours using a 17-mm graphite applicator at either CONV dose 

rate (0.09 Gy/s) or ultra-high-dose-rate FLASH (delivered at 5.6 · 106 Gy/s in a single 1.8 μs 

pulse) delivered to the whole brain (Table. 3.1).  

Electrophysiology 

Female mice (n=6/treatment, 18 total) were sacrificed for electrophysiology and hippocampal 

slices were prepared as previously described235. Following isoflurane anesthesia, mice were 

decapitated, and the brain was quickly removed and submerged in ice-cold, oxygenated 

dissection medium containing (in mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 5 MgSO4, 0 CaCl2, 26 

NaHCO3, and 10 glucose. Coronal hippocampal slices (340 µm) were prepared using a Leica 

vibrating tissue slicer (Model:VT1000S) before being transferred to an interface recording 

containing preheated artificial cerebrospinal fluid (aCSF) of the following composition (in mM): 

124 NaCl, 3 KCl, 1.25 KH2PO4, 1.5 MgSO4, 2.5 CaCl2, 26 NaHCO3, and 10 glucose and 

maintained at 31 ± 10°C.  Slices were continuously perfused with this solution at a rate of 1.75-2 

ml/min while the surface of the slices were exposed to warm, humidified 95% O2 / 5% CO2.  

Recordings began following at least 2 hr of incubation. 

Field excitatory postsynaptic potentials (fEPSPs) were recorded from CA1b stratum radiatum 

apical dendrites using a single glass pipette filled with 2M NaCl (2-3 MΩ) in response to 

orthodromic stimulation (twisted nichrome wire, 65 µm diameter) of Schaffer collateral-

commissural projections in CA1 stratum radiatum. Pulses were administered 0.05 Hz using a 
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current that elicited a 50% maximal spike-free response.  After establishing a 20 min stable 

baseline, long-term potentiation (LTP) was induced by delivering 5 ‘theta’ bursts, with each 

burst consisting of four pulses at 100 Hz and the bursts themselves separated by 200 msec (i.e., 

theta burst stimulation or TBS). The stimulation intensity was not increased during TBS. Data 

were collected and digitized by NAC 2.0 (Neurodata Acquisition System, Theta Burst Corp., 

Irvine, CA) and stored on a disk. 

Data in the text are presented as means ± SD, while in the figures as mean ± SEM. The fEPSP 

slope was measured at 10–90% fall of the slope and data in figures on LTP were normalized to 

the last 20 min of baseline. Electrophysiological measures were analyzed using a 1-way 

ANOVA.  

Behavioral testing 

To evaluate the potential cognitive deficits induced by irradiation of the brain, all animals 

underwent a battery of behavioral tests four months post irradiation. Cognitive testing was 

performed over the course of five-weeks and included paradigms designed to interrogate spatial 

memory, social interactions, anxiety, and extinction memory. Tests include objects in updated 

location (OUL), novel object recognition (NOR), social interaction (SIT), and light-dark box 

(LDB). All behavioral testing was conducted as described previously231. Video recordings were 

taken for all arena testing and subsequently hand scored by an individual that was blinded to the 

treatment groups. 

Arena Object Testing 

Objects in updated location (OUL) and novel object recognition (NOR) are paradigms intended 

to interrogate the cognitive capacity of the hippocampus, medial prefrontal cortex, and perirhinal 
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cortex. Prior to OUL testing, mice were handled for two minutes per day for four days to reduce 

anxiety. Following this, animals were habituated to the arenas (30×30×30 cm acrylic boxes with 

a corn cob bedding base) for six consecutive days. OUL testing was performed over the course 

of five days. A week after the completion of the OUL task, animals were re-habituated to empty 

arenas for one day before undergoing NOR testing. The discrimination index (DI) for this task 

was then calculated for each mouse from these values: ((novel/total exploration time) − 

(familiar/total exploration time)) × 100.  

Social Interaction Testing  

To interrogate social interaction and social avoidance in irradiated mice, animals were exposed 

to a novel animal of the same sex and equal or lesser weight. Animals within this experiment 

were handled and habituated to the previously described arena for five min the day before 

testing. On testing day, the novel animal was allowed to freely explore the arena for 10 min prior 

to the test mouse being introduced. Animals were allowed to freely explore, without any barriers 

for 10 min and video recorded for later analysis. Data were analyzed by someone blinded to 

treatment groups. Social interactions included any time the test mouse spent sniffing while in 

active contact with the novel animal’s snout, flank or anogenital area, mutual grooming or 

directed pursuit of the novel mouse. Concurrently, avoidance behavior was characterized as the 

time that the test mouse spent actively avoiding social interactions initiated by the novel mouse. 

Immunofluorescent and pre- and post-synaptic Ultra-High Resolution imaging 

To reduce regional sampling bias, two sections per brain were selected from the ventral 

hippocampus approximately 300-400 µm apart. Brain sections were permeabilized using 0.1% 

Triton and blocked using bovine serum albumin (BSA). Sections were incubated overnight at 
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4°C in TBS with 1% BSA, 4% goat serum, 0.1% Triton, and with primary antibodies glial 

fibrillary acidic protein (GFAP, 1:500, Millipore), aquaporin-4 (AQP4, 1:500, Abcam), ionized 

calcium binding adaptor molecule (IBA-1, 1:200, Wako), and cluster of differentiation 68 

(CD68, 1:500, Biorad), Homer1a (rabbit anti-Homer1a, 1:500, Synaptic Systems) and BSN 

(mouse anti-BSN, 1:500, Neuromab). Tissues were incubated with the following secondary 

antibodies: Goat anti-mouse 647 (1:1000, Abcam), goat anti-rabbit 555 (1:1000, Invitrogen), or 

goat anti-mouse (1:1000, Abcam) before counterstaining with DAPI. Homer1A and BSN were 

imaged using a ZEISS ELYRA7 with Lattice SIM and post-processed in Zen. AQP4, CD68, 

GFAP, Lectin and IBA1 were imaged using a Nikon Ti2 fluorescent microscope. 

Statistical analysis 

All statistical analysis was performed in Prism (Graphpad Software Inc, San Diego California, 

USA, version 5.04). Averages of individual animal replicates were used to calculate group 

interactions using a one-way analysis of variance (ANOVA). Upon significant results, 

Bonferroni’s post-hoc testing was performed. Data is presented as Mean ± SEM. Values of 

P≤0.05 were considered statistically significant. 
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Figure 3.1: Experimental Design.  

3-week-old animals received hypofractionated FLASH-RT or CONV irradiation (2×10 Gy). 

Four months post-irradiation, animals underwent behavioral testing (n=12/sex/treatment). At 6-

months post-irradiation, animals were sacrificed, and tissues were prepared for various 

endpoints. Half of the female animals were randomly assigned for assessment of long-term 

potentiation (n=6/treatment). Both male and female animals were used for immunofluorescence 

analysis of various markers (n=6/sex/treatment). Abbrev: OUL = Objects in updated location, 

NOR = Novel object recognition, SIT = Social interaction testing, LDB = light dark box, AQP4 

= Aquaporin4, GFAP = Glial fibrillary acidic protein, BSN = Bassoon, CD68 = Cluster of 

differentiation 68, IBA1 = Ionized calcium-binding adapter molecule 1. 
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Table 3.1: Irradiation Parameters, Juveniles 

Fractionated whole brain irradiation was performed on the Oriatron 6e, 6MeV electron beam 

linear accelerator (LINAC) at Lausanne University Hospital. Animals received 2 doses of 10 Gy 

separated by 48 hours at either CONV (CONV-RT; 0.09 Gy/s) or ultra-high dose rate FLASH 

(FLASH-RT, delivered at 5.6×106 Gy/sec in a single 1.8 µs pulse). 
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Results  

FLASH-RT does not inhibit hippocampal long-term potentiation (LTP) in mice. 

LTP defines a critical functional outcome in the CNS and, we hypothesized that activity-

dependent synaptic connections between interconnected hippocampal circuitry involving 

excitatory neurons and diverse populations of GABAergic interneurons could be maintained in 

FLASH-irradiated animals. Theta burst stimulation (TBS) applied to the Schaffer collaterals 

produced an immediate and robust increase in LTP, quantified as the relative change in the slope 

of evoked field excitatory postsynaptic potentials (fEPSPs) generated by CA1 apical dendrites 

(Fig. 2A).  Following TBS, a gradual decay in the fEPSP slope to more stable levels of 

potentiation were observed in all cohorts, where LTP levels recorded from hippocampal slices 6-

months after irradiation were consistent with our prior reports236.  Importantly, levels of 

potentiation in the fEPSP slope maintained at 1h post-TBS were reduced significantly in the 

hippocampus of CONV mice, but not in CONT or FLASH mice (Fig. 3.2B and 3.2C; one-way 

ANOVA: F(2,31)=32.13; P<0.0001; Bonferroni post-hoc: CONTROL vs CONV: P<0.001; 

FLASH vs CONV: P<0.0001).  Given these findings, it is remarkable that over such protracted 

times, FLASH mice were statistically indistinguishable from controls, while CONV-RT led to an 

apparent permanent inhibition of LTP.   
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Figure 3.2: FLASH irradiation protects against reductions in long term potentiation (LTP) 

after CONV irradiation.  

(A) Theta burst stimulation (TBS) applied to the Schaffer collaterals produced a robust increase 

in fEPSP slope (as percent of baseline) in CONTROL and FLASH-RT female animals but 

reduced in CONV-RT animals 6-months after exposure. (B/C) Levels of potentiation in the 

fEPSP slope maintained 1h post-TBS was reduced significantly in the hippocampus of CONV-

RT mice, but not in control or FLASH irradiated mice. Scale: 1 mV/5 ms. All data were analyzed 

using a one-way ANOVA followed by Bonferroni’s multiple comparison test 

(n=6/sex/treatment). ****=P≤0.0001. 
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FLASH-RT preserves synaptic structure and density in the hippocampus. 

To provide deeper insight of our previous findings2,231 into how dose rate modulation might 

impact the breakdown or preservation of synaptic connections, we used super resolution 

microscopy (ELYRA7) to evaluate pre- and post-synaptic junctions on a nanometer scale (Fig. 

3.3A).  Previous studies evaluating synaptic bouton suggested that an analysis of the 

juxtaposition of pre-synaptic bassoon (BSN) and post-synaptic homer scaffold protein 1a 

(Homer1a) puncta might shed light on the ultra-structural integrity of the synapse237. The average 

diameter of Homer1a and BSN foci were found to be ~120µm, determined by our IMARIS spot 

analysis. Analysis quantified only pre- and post-synapses that were within twice the radius of the 

foci, allowing for an assessment of pre/post-synaptic markers that remained in direct contact.  

Both male and female mice exhibited similar trends, where FLASH-RT was associated with 

higher levels of tight association, however, only the male cohort reached statistical significance 

when comparing CONV mice to CONTROL and FLASH cohorts.  (Fig. 3.3C; one-way 

ANOVA: F(2,15)=16.65, P=0.0002; Bonferroni post-hoc: CONTROL vs CONV: P<0.01; FLASH 

vs CONV: P<0.001).) 

The expression of the major synaptic vesicle protein synaptophysin (Fig. 3.3B) was also 

investigated and similar trends were observed in both male and female mice where FLASH and 

CONTROL animals maintained similar levels of synaptophysin (Fig. 3.3D; one-way ANOVA: 

Males: F(2,13)=13.68, P=0.0006; Females: F(2,15)=14.06, P=0.0004).  However male mice exposed 

to CONV irradiation exhibited a significant reduction in synaptophysin when compared to both 

CONTROL (P≤0.01) and FLASH (P≤0.001). Analogous results were found in CONV irradiated 

female mice, exhibiting significant reductions in synaptophysin compared to CONTROL 

(P≤0.05) and FLASH (P≤0.001) cohorts. Collectively, these data provide significant new 
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evidence that FLASH-RT does preserve synaptic integrity in the juvenile brain whereas it is 

altered after CONV irradiation (Fig. 3.3D; one-way ANOVA F(2,15)=14.06, P=0.0004). 
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Figure 3.3: FLASH irradiation protects against disruptions to dendritic spine morphology 

and expression observed after CONV irradiation.  

(A) Representative images of Homer1a and Bassoon colocalization in the stratum radiatum. (B) 

Representative images of synaptophysin expression in the stratum radiatum. (C) Quantification 

of Homer1a and Bassoon colocalized spots. Male (left) CONT and FLASH-RT animals 

expressed similar levels of pre- and post-synaptic labeling, while CONV irradiation exhibited 

significantly less. Female animals (right) exhibited trends similar to that of the males without 

achieving statistical significance. (D) Quantification of synaptophysin. Male and female 

synaptophysin were reduced when animals were CONV irradiated but protected in FLASH 

irradiated animals. All data analyzed using a one-way ANOVA followed by Bonferroni’s 

multiple comparison test (n=6/sex/treatment). *= P≤0.05, **=P≤0.01, ***=P≤0.001. 
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FLASH-RT ameliorates radiation-induced cognitive impairments in juvenile mice. 

The preservation of synaptic integrity at the functional (electrophysiologic) and structural levels 

(synaptic bouton) found after FLASH-RT suggest that behavioral outcomes should also be 

differentially affected by dose rate modulation. To evaluate this, male and female juvenile mice 

were subjected to a comprehensive behavioral testing panel after exposure to hypofractionated-

RT. The objects in updated location (OUL) task represents a novel memory updating paradigm, 

able to assess original and updated information in a single test session. The ability to 

discriminate between multiple overlapping associative memories with this task provides a deeper 

dissection of neurocognitive functionality which shows strong cross species correlates. 

Assessment of intact cognitive function is quantified by the time spent exploring the objects in 

novel locations compared to familiar locations. After training (Fig. 3.4A) in which the mice 

learned the spatial location of identical objects (A1, A2) they were reintroduced the next day into 

the same familiar context for an update session (Day 4), where an original object was moved to a 

new location (A3). While male CONTROL and FLASH-RT cohorts successfully recognized the 

A3 location as novel, CONV-RT cohorts did not, exhibiting a lack of preference for the novel 

location when compared to CONTROL and FLASH mice (Fig. 3.4B; one-way ANOVA: 

F(2,30)=7.004; P=0.0032; Bonferroni post-hoc: P=0.0018; P=0.046, respectively). These findings 

were corroborated in the female cohort as CONV animals also lacked preference for the novel A3 

location when compared to CONTROL and FLASH (one-way ANOVA: F(2,30)=6.074; 

Bonferroni post-hoc: P=0.0061; P=0.0073; P=0.015, respectively). 

Following the update session all groups were given a test session (Fig. 3.4C, 3.4D; Day 5).  In 

this phase of OUL testing, memory for the updated information was compared against 
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exploration of the object in the novel location (A4) to exploration of the fixed, initial, and 

updated locations (A1, A2 and A3, respectively). Intact memory for the original training or update 

sessions is demonstrated by a preference of the object in the novel (A4) compared to the other 

prior object locations as indicated by higher scores on the discrimination index (DI).  

Importantly, male mice exposed to FLASH-RT retained a similar preference as control animals 

for the object in the novel A4 location relative to the prior updated (A3) and fixed (A1) object 

locations object (Fig. 3.4C, 3.4D, respectively).  Male mice exposed to CONV-RT however, 

exhibited no preference for novelty at the A4 location compared to the updated A3 or fixed A1 

locations (Fig. 3.4C; one-way ANOVA F(2,30)=5.023; P=0.013; Bonferroni post-hoc:  P=0.021; 

P=0.015 and  Fig. 3.4D; one-way ANOVA F(2,32)=4.38; P=0.021; Bonferroni post-hoc: P=0.038; 

P=0.023, respectively).  Interestingly, neither the CONV nor the FLASH female mice exhibited 

decrements on the test phase of this task, indicating intact hippocampal pattern separation and 

the capability to retain novelty discrimination even after irradiation (Fig. 3.4C; one-way 

ANOVA F(2,31)=0.097; Fig. 3.4D; one-way ANOVA F(2,32)=1.151). 
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Figure 3.4: Animals exposed to FLASH-RT performed similar to controls in hippocampal 

dependent learning and memory tests objects in updated location (OUL) while 

conventionally irradiated (CONV-RT) animals did not. (A) Objects in updated locations 

testing experimental design. (B) Update session behavior. At 4 months post-irradiation, FLASH 

and control animals showed preference for the novel toy and location in both males (left) and 

females (right) while CONV did not. (C) Updated information test session. CONV irradiated 

male animals failed to learn the updated novel (A4) object over its predecessor (A3) when 

compared to FLASH and control animals. No differences were observed in female mice. (D) 

Original information test session. CONV irradiated male mice were unable to differentiate 

between the updated novel location (A4) and the original location (A1) while FLASH and control 

performed similarly. No changes in female mice were observed. All data were analyzed using a 

one-way ANOVA followed by Bonferroni’s multiple comparison test (n=12/sex/treatment). * = 

P ≤ 0.05, ** = P ≤ 0.01. 
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After OUL testing, mice were subjected to a standardized Novel Object Recognition (NOR) task 

(Fig. 3.5A) as described previously 181,231. Here, both male and female mice exposed to FLASH 

were statistically indistinguishable from CONTROL, whereas CONV mice exhibited significant 

impairments in the ability to discriminate novelty (Fig. 3.5A).  For males, CONV animals were 

impaired compared to CONTROL and FLASH-RT mice (one-way ANOVA: F(2,32)=4.6; 

P=0.017; Bonferroni post-hoc: P=0.016 and P=0.035, respectively). In females, CONV 

irradiated mice showed impairments compared to CONTROL (one-way ANOVA: F(2,32)=6.84; 

P=0.0034; P=0.0038) and FLASH mice (P=0.083).   

Social interaction test (SIT) and light-dark box (LDB) 

Following the NOR task, animals were tested sequentially on the social interaction test (SIT) to 

test approach and avoidance of a novel animal and the light-dark box (LDB) to interrogate 

unconditioned anxiety associated with spontaneous exploration. For the social interaction test 

(SIT), male CONT- and FLASH-RT mice behaved similarly, with trends toward increased 

interaction and less avoidance compared to CONV although these differences did not reach 

significance (Fig. 3.5B, 3.5C; one-way ANOVA: F(2,32) = 2.51; P = 0.098). Female mice 

behaved similarly to the males, but differences between FLASH and CONV experimental groups 

were significant, where FLASH females showed increased interaction and reduced avoidance 

compared to CONV (Fig. 3.5B; one-way ANOVA: F(2,32) = 6.809; P = 0.0034); Fig. 3.5C; one-

way ANOVA: F(2,32) = 6.81; P = 0.0034 respectively).  Despite differences found on the SIT, 

experimental cohorts analyzed here did not show significant differences in the LDB task (Fig. 

3.5D; Males; one-way ANOVA: F(2,32)  = 2.001; P = 0.1517. Female; one-way ANOVA: F(2,31) 

=1.143; P=0.3319).  Collectively, behavioral outcomes corroborated electrophysiological and 
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synaptic protein measures pointing to the widespread capability of FLASH-RT to minimize 

adverse radiation-induced sequelae in the juvenile mouse brain.  
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Figure 3.5: Animals exposed to FLASH-RT performed similar to controls in learning and 

memory as well as anxiety-like behavior while conventionally irradiated (CONV) animals 

did not.  

(A) Novel object recognition testing (NOR). Male and female mice control and FLASH animals 

performed similar while animals exposed to CONV irradiation were unable to differentiate the 

novel toy. (B/C) Social interaction/avoidance testing (SIT). Four months post-irradiation animals 

were exposed to a novel mouse and measured for avoidance and interaction behaviors and 



 

78 
 

presented as a percentage of total time interacting. Female FLASH animals exhibited reduced 

anxiety when compared to CONV animals. Male animals performed the same as controls, while 

CONV irradiated exhibited anxiety, albeit in a non-significant way. (D) Light dark box testing 

(LDB). Male and Female mice performed similar to control regardless of treatment.  All data 

were analyzed using a one-way ANOVA followed by Bonferroni’s multiple comparison test 

(n=12/sex/treatment). * = P ≤ 0.05, ** = P ≤ 0.01. 
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FLASH-RT does not induce persistent inflammation as observed after CONV irradiation. 

Previous publications demonstrate that radiotherapy-induced microglial activation contributes to 

cognitive impairments238–240 and blood brain barrier (BBB) damage241. To assess the effect of 

FLASH-RT on neuroinflammation through the activation of CD68 in microglia of juvenile 

animals, immunofluorescence of IBA1 and CD68 co-labeling were analyzed (Fig. 3.6A).  While 

resting microglia volumes were not altered by either irradiation modality, data indicate that a 

significant increase in activation persists in both male and female animals (Fig. 3.6B; one-way 

ANOVA F(2,33)=4.952, P=0.0132, F(2,32)=36.70, P<0.0001, respectively) . Consistent with past 

results239,242, an elevated level of CD68 volume colocalized with IBA1 at this protracted time 

was found in CONV irradiated females (P≤0.0001) with a similar trend in male mice that neared 

significance. When comparing CONV-RT activation of microglia to FLASH-RT, no late term 

activation of microglia was found in males and was greatly reduced in females (P≤0.05, 

P≤0.0001, respectively). A sex specific increase in persistent inflammation was observed in 

female mice as both CONV and FLASH induced activation of microglia that far surpassed the 

male animal response and an increase in CD68/IBA colocalization in FLASH animals (P≤0.01) 

was higher than controls.  

It is estimated that a large portion of all microglia directly interact with the microvasculature of 

the BBB and assist in vasculature repair239,243. Correlation between an increase in CD68+ 

microglia colocalized to the BBB has been associated with vasculature leakage243,244. Using 

lectin to highlight microvasculature colocalized with CD68+ microglia, we assessed whether the 

decrease in activated microglia that was observed in FLASH-RT treated animals extended 

regionally to the BBB. Analysis of colocalization of lectin and CD68 indicated reduced 

inflammatory recruitment to the BBB in both male juvenile mice (Fig. 3.6C; one-way ANOVA 
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F(2,15)=10.79, P=0.0013; F(2,14)=21.49, P<0.0001, respectively). Male CONV irradiated animals 

had significantly more CD68 colocalized with lectin than that of either FLASH-RT or 

CONTROL (P≤0.01). Female animals exposed to CONV-RT had significantly elevated levels of 

CD68/lectin colocalization when compared to CONTROL and FLASH-RT (P≤0.0001 and 

P≤0.05, respectively). Female FLASH animals did however exhibit levels of CD68/lectin 

colocalization significantly higher than controls (P≤0.01).  These data taken together indicate 

that FLASH-RT does not produce prolonged microglia activation, which likely contribute to the 

neurological benefits of this irradiation modality.  
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Figure 3.6: FLASH irradiation does not contribute to prolonged inflammation observed in 

CONV animals six-months post-irradiation.  

(A) Representative images of activated microglia (CD68/IBA1) and vasculature in female mice. 

(B) Quantification of CD68/IBA1 colocalization. Male (left) animals exposed to FLASH exhibit 

significantly less microglial activation that CONV irradiated animals. Female (right) animals 

exposed to FLASH irradiation exhibited significantly less microglial activation than CONV 

irradiated animals. (C) Quantification of CD68/lectin colocalized within 5 µm. Male animals 

exposed to FLASH irradiation had significantly fewer activated microglia enveloping the 

microvasculature compared to CONV. Female animals exposed to FLASH irradiation exhibited 

less CD68-activated microglia associated with the vasculature yet both FLASH-RT and CONV-

RT animals were significantly higher than controls.  All data analyzed using a one-way ANOVA 

followed by Bonferroni’s multiple comparison test (n=6/sex/treatment). *=P≤0.05, **=P≤0.01, 

****=P≤0.0001. 

 

 

 

 

 

 

 

 



 

83 
 

FLASH preserves the microvasculature of the BBB through protection of Aquaporin 4. 

To determine if FLASH-RT would protect the BBB of juvenile mice at protracted times we 

analyzed the neurovascular unit (NVU). Astrocytic end-feet cover microvessels where they act 

as intermediaries between neurons and the vasculature and are known to mediate the flow of 

fluid and ions from blood vessels into the parenchyma through AQP4 channels (Fig. 3.7A). 

Globally, similar trends were found in both male and female mice, six-months post-irradiation 

independent of the modality of irradiation (Fig. 3.7B, 3.7C; one-way ANOVA F(2,17)=4.823, 

P=0.0219 and F(2,19)=13.54, P=0.0002, respectively). FLASH-RT did not induce any 

modification AQP4 immunoreactivity when compared to CONTROL whereas CONV-RT 

animals exhibited significantly reduced AQP4 immunoreactivity than that of control male and 

female animals (P≤0.05 and P≤0.001, respectively) animals and FLASH-RT male and female 

animals (P≤0.05). Astrocytic coverage of the microvasculature was found to be reduced after 

CONV-RT (P≤0.01) in female mice (Fig. 3.7E; one-way ANOVA F(2,19)=6.842, P=0.0058), 

however, no significant differences were found in males (Fig. 3.7D; one-way ANOVA F(2 

,17)=0.8118, P=0.4606). While FLASH-RT did appear to reduce GFAP/lectin colocalization in 

females, no significant differences were found when compared to control or CONV-RT in males. 

To determine if AQP4 expression was reduced overall in astrocytes, we measured colocalization 

of AQP4 to GFAP and found trends that CONV-RT did reduced immunoreactivity compared to 

control and FLASH-RT, but no significance was found in males or females (Fig. 3.7F/G).  
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Figure 3.7: FLASH irradiation protects against late-modification of the BBB through 

protection of fluid channel AQP4 and astrocytic coverage.  

(A) Representative images of lectin-coated microvasculature, Aquaporin 4 (AQP4), and 

astrocytes (GFAP) in the hippocampus of male mice. (B/C) Quantification of AQP4/lectin 

colocalization. At six months post-irradiation, FLASH-RT protectedmale and female animals 

from reduced AQP4 expression along blood vessels while CONV-RT did not. (D) Male FLASH-

RT animals did not display any deviation from CONTROL or CONV irradiated animals. (E) 

FLASH-RT and CONTROL female mice exhibited no significant deviations in astrocytic 

coverage of the microvasculature compared to CONV-RT. (F/G) No significant changes were 

observed in AQP4 expression in GFAP labeled astrocytes after FLASH-RT or CONV-RT 

irradiation. All data analyzed using a one-way ANOVA followed by Bonferroni’s multiple 

comparison test (n=6/sex/treatment). *=P≤0.05, **=P≤0.01, ***=P≤0.001. 
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Discussion  

The current study was designed as a proof of concept, to demonstrate the potential benefit of 

hypofractionated FLASH-RT in the tumor free juvenile mouse brain, in order to substantiate the 

translational promise of this new modality for improving outcomes for medulloblastoma patients. 

Here we provide novel insights into how FLASH-RT preserves critical functional outcomes and 

protects structural elements of the synapse and vasculature in the radiosensitive juvenile mouse 

brain over extended post-irradiation times, defining global benefits that are compromised after 

CONV-RT.  

It has been established that synaptic inputs from CA3 to CA1 pyramidal neurons through the 

Schaffer collateral pathway can attenuate and increase firing activity, known as LTP, thereby 

constituting a cellular basis of memory244,245.  Learning and memory formation in the brain are 

attributed by changes in synaptic connectivity (Hebb, 1949). Long-term potentiation (LTP) is a 

synaptic mechanism underlying learning and memory in that it produces long-lasting increases in 

synaptic strength and an increase in signal transmission in the brain. This substrate for memory 

has been studied extensively in laboratory animals over the past 50 years, and recently in intact 

humans (Clapp et al., 2012). The key evidence shows that; LTP is synapse specific, rapidly 

induced, and extremely persistent; all important characteristics that explain the capacity, rapid 

acquisition, and stability of memory.  Past work has shown that irradiation can compromise LTP, 

where homeostatic plasticity mechanisms normally enabling neuronal networks to cope with 

specific insults remain disrupted246  This apparent “permanent” disruption could reflect an 

inability to properly regulate other cellular properties, such as ion channel expression function, 

translocation of presynaptic vesicles, or stabilizing the post-synaptic density to facilitate to 
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proper re-integration of “normal” synaptic connectivity and overall homeostasis.  In this light, it 

is noteworthy that six months after FLASH-RT, LTP remains essentially unchanged and 

identical to controls, in marked contrast to what is observed after CONV-RT.  The differential 

response of LTP to dose-rate modulation defines a robust functional outcome in the irradiated 

brain and may well provide a reliable and reproducible ex vivo validation of the FLASH effect 

useful for future investigations.  

Plasticity is reliant on multiple mechanisms and one key component of these signaling pathways 

is the proper pairing of pre- and post-synaptic structures to facilitate efficient 

neurotransmission247–249. Therefore, to evaluate whether FLASH-RT might preserve critical 

neuronal connections in the hippocampus we quantified levels of pre- and post-synaptic bouton 

through ultra-high resolution (ELYRA7) microscopy.  Homer1A (post) and BSN (pre) synaptic 

proteins were selected due to their high binding specificity at the synaptic cleft as shown in other 

studies237. Measuring regional proximity on a nanometer scale presumes a scrutiny of tight 

synaptic binding, since only pre- and post-synaptic fluorescent puncta colocalizing within 120 

µm were quantified. Whereas CONV irradiation decreased the yield of colocalized puncta, 

FLASH-RT preserved these “tighter” connections, consistent with LTP preservation as opposed 

to the brain exposed to CONV-RT. To further evaluate synaptic integrity, we quantified the total 

fluorescent intensity of pre-synaptic synaptophysin vesicles known to be downregulated after 

irradiation 250,251. Immunofluorescent analysis confirmed past results251 and CONV irradiation 

significantly reduced synaptophysin levels, whereas FLASH-RT preserved these levels 

equivalent to those observed in controls. The synapse is a complex and dynamic structure subject 

to plasticity-induced changes that facilitate translocation of presynaptic vesicles and receptor 

subunits to attenuate excitatory and inhibitory neurotransmission252,253.  Dissecting the details of 
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how dose rate modulation impacts synaptic plasticity is beyond the scope of the present 

manuscript. Nonetheless, these new and provocative results support the hypothesis that the 

stability of synaptic connections and/or the preservation of synaptic density are contributory if 

not causal to the beneficial cognitive and LTP functional outcomes in the FLASH irradiated 

brain.   

In considering the quality of life for brain cancer survivors, no functional outcome holds more 

importance to than the preservation of cognitive function, regardless of the myriad of 

mechanisms potentially responsible. Herein lies the true benefit of FLASH-RT, where the 

behavioral testing conducted in this study provides evidence that FLASH-RT ameliorates 

radiation-induced damage to hippocampal, prefrontal, and amygdala circuitry known to be 

involved and disrupted following CONV-RT2,5,231. Our extensive behavioral testing platform 

suggests undeniable benefits of FLASH-RT in juvenile animals, where both sexes were similarly 

(albeit not identically) protected.  

Implementing a higher dose fractionated FLASH-RT paradigm, we showed that juvenile male 

and female mice exhibited significant reductions in activated microglia compared to CONV 

irradiated mice, thereby providing valuable information regarding dose tolerances in both sexes. 

Interestingly, past reports documenting differences in basal and radiation-induced inflammation 

between the sexes was not found here, possibly reflecting differences in radiation modality, 

mouse strain, age at time of irradiation, or post-irradiation time of analysis254,255.  Juxtavascular 

microglia also play an intricate role in BBB integrity. As they encapsulate the vasculature in 

areas of low astrocytic coverage, modulating neuronal signaling, regulating angiogenesis, modify 

tight junction expression, and rapidly migrating to areas of vasculature damage243,256,257. 

Activation of microglia has been shown to lead to increased permeability of the BBB, likely 
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through reduction of zona occluden-1, claudin-5, and occludin tight junction proteins244,258. 

Importantly, current findings indicate that juxtavasculature microglia remain activated 6 months 

after CONV irradiation but to a significantly lesser extent than those treated with FLASH-RT. 

The association of these key pro-inflammatory cells with the vasculature could well compromise 

the integrity of the BBB over prolonged periods and elevate the risk for other complications such 

as white matter necrosis and stroke259.  Our new findings couple the vascular and parenchymal 

components of radiation-induced brain injury though microglial mediated BBB damage and 

suggest that FLASH-RT exerts global benefits in irradiated tissue by attenuating chronic 

inflammation. 

Cranial irradiation can damage the BBB and lead to short term vascular leakage, edema, and 

inflammation9,19,30,260. Additionally, persistent damage to the microvasculature can cause 

irregularities within the NVU leading to white matter necrosis, increased risk of stroke, fibrinoid 

necrosis, and telangiectasis all of which are relevant to survivors of pediatric CNS tumor 

treatments261,262. At these latter times (>3 months) irregularities may reflect variations in oxygen 

and ion transfer across the vasculature and/or cell senescence that led to a prolonged 

inflammatory footprint. Previous reports from our lab have documented that FLASH-RT spares 

the BBB at early time points (≤ 1month) by mitigating tight junction protein loss and reducing 

vasculature dilation, which may reduce the risk of edema9. In addition to microvasculature 

associated inflammation, we focused on astrocytic end-feet and concomitant fluid channels 

(AQP4) that not only support and regulate the BBB but are also associated with synaptic 

plasticity, learning, and memory263. GFAP and astrocytic end-feet wrap around the vasculature 

and express high levels of AQP4 to regulate fluid and ion levels in a bi-directional manner within 

the parenchyma, indicating a role in parenchymal homeostasis. Emerging evidence also points to 
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AQP4 as a regulator of synaptic plasticity, LTP, and amygdala-hippocampal dependent cognitive 

outcomes attributed to GFAP/AQP4 expression found at the synaptic cleft263. Our current 

findings indicate that after CONV-RT, AQP4 levels associated with, and covering the 

vasculature are reduced, effects that are not observed after FLASH-RT. Collectively, these data 

indicate that FLASH-RT likely protects key components required to maintain the “normal” 

cerebrovascular homeostasis, factors that are presumed to promote and hasten the recovery of the 

irradiated juvenile brain.  

This paper is the first to demonstrate the benefits of hypofractionated FLASH-RT in the highly 

radiosensitive juvenile mouse brain. Strengths of the present findings include a robust and 

longitudinal assessment of functional neurocognitive and electrophysiological outcomes in 

radiosensitive juvenile mice exposed to hypofractionated radiotherapy at protracted post-

irradiation times.  Deficits found in each these functional outcomes after CONV-RT are not 

observed after FLASH-RT, where FLASH irradiated cohorts are consistently and statistically 

similar to controls.  While certain sexual dimorphisms were found (OUL test session) which 

warrant further directed studies, in no instance was FLASH-RT found to be more toxic than 

CONV-RT for any of the CNS endpoints analyzed or between the sexes.  Cognitive sparing in 

FLASH irradiated cohorts was linked to the preservation of LTP, a validated measure of synaptic 

plasticity.  Other measures of synaptic structure and density and aquaporin-4 levels along the 

vasculature were also spared by FLASH-RT, which was associated with significant reduction in 

inflammatory microglia.  Maintenance of BBB integrity was likely instrumental in sustaining a 

steady supply of nutrients and oxygen and reducing neuroinflammation. 

While these promising results portend potential benefits for clinical translation, caution must be 

exercised in extrapolating these findings to human patients.  For one, human tumors involve 
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much larger treatment volumes which may limit the extent of the normal tissue benefits observed 

in mice.  Further, the present study was conducted in tumor free mice, and while challenging, 

ongoing work in mouse models of medulloblastoma will help define more realistic long-term 

outcomes.  Nonetheless, the capability to minimize radiation-induced toxicities might provide 

the rationale for using FLASH-RT without combined chemotherapy, another potential benefit 

that may spare systemic toxicity that requires further exploration at the pre-clinical level.  These 

studies find significance in the context of pediatric brain tumor survivors, where favorable 

survival is inevitably associated with lifelong impairments in cognition and cerebrovascular 

complications.  Herein lies the potential benefit of FLASH-RT, and if safely translated to the 

clinic, may provide equal efficiency in eradicating malignancies such as medulloblastoma, but 

without the adverse normal tissue complications that severely compromise quality of life. 
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Strengths and Weaknesses 

This project was designed to interrogate the normal tissue sparing effects of FLASH-RT on a 

particularly radiosensitive population while also address questions from our previous studies. 

Building upon our latest experiments on female juvenile mice that received 8 Gy, we opted to 

irradiate both males and females.  at an escalated dose that is closer to palliative care, to 

investigate potential sex differences. Additionally, we looked to determine what neurological 

mechanisms could have been altered after irradiation by using electrophysiology to measure 

changes in long-term potentiation, and using ultra-high resolution microscopy to see changes in 

dendritic binding, a first in the field of FLASH. This study was also the first to look at late 

vasculature protection of FLASH measuring reactive microglia and Aquaporin4 levels.  

This study played an important role in defining the normal tissue protection of FLASH-RT; 

however, the scope of this project left many more questions. First, these animals were irradiated 

without the presence of a medulloblastoma. While previous experiments show that FLASH-RT 

is equal to CONV-RT in its ability to control tumor growth, the presence of a tumor could 

modify the surrounding normal tissue in ways that are unknown. Additionally, tumors are highly 

vascularized, albeit a modified version of the BBB, and we have not address how the BTB would 

react to FLASH-RT. Second, This study continued to escalate the dose given to these animals; 

however, we have not reached the same total dose as palliative care which can reach > 30 Gy 

delivered in 20 fractions. Our method of 20 Gy delivered in 2 fractions has the potential to 

deliver a higher amount of damage in a shorter period of time. Third, we have yet to develop a 

working protocol for a functional endpoint of vascular damage. A small cohort of male mice 

from this study were used in a preliminary MRI study to measure vasculature health, however, 

no data was produced by the team leading the experiment. A second experiment was also 
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performed to measure cerebral microbleeds using a Prussian Blue stain for iron within the brain. 

While positive controls indicated that the stain worked, no evidence of microbleeds were present 

in the tissues of animals who had received CONV- or FLASH-RT at this time point. This left us 

uncertain as to whether cerebral microbleeds is an attainable outcome due to the lack of literature 

evidence in irradiated rodent models.  
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Uncovering the protective neurological mechanisms of hypofractionated FLASH 

radiotherapy 

Abstract 

Implementation of ultra-high dose-rate FLASH radiotherapy (FLASH-RT) is rapidly gaining 

traction as a unique cancer treatment modality able to dramatically minimize normal tissue 

toxicity while maintaining anti-tumor efficacy compared to standard of care radiotherapy at 

conventional dose rate (CONV-RT). The resultant improvements in the therapeutic index have 

sparked intense investigations in pursuit of the underlying mechanisms.  As a preamble to 

clinical translation, we exposed non-tumor bearing male and female mice to hypofractionated 

(3x10 Gy) whole brain FLASH- and CONV-RT to evaluate differential neurological responses 

using a comprehensive panel of functional and molecular outcomes over a 6-month follow up. In 

each instance, extensive and rigorous behavioral testing showed FLASH-RT to preserve 

cognitive indices of learning and memory that corresponded to a similar protection of synaptic 

plasticity as measured by long-term potentiation (LTP).  These beneficial functional outcomes 

were not found after CONV-RT and were linked to a preservation of synaptic integrity at the 

molecular (synaptophysin) level and to reductions in neuroinflammation (CD68+ microglia) 

throughout specific brain regions known to be engaged by our selected cognitive tasks 

(hippocampus, medial prefrontal cortex). Ultra-structural changes in pre/post-synaptic bouton 

(Bassoon/Homer-1 puncta) within these same regions of the brain were not found to differ in 

response to dose rate. With this clinically relevant dosing regimen, we provide a mechanistic 

blueprint from synapse to cognition detailing how FLASH-RT reduces normal tissue 

complications in the irradiated brain. 
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Introduction 

Standard radiotherapy (RT) at conventional dose rate (CONV-RT) is routinely used to control 

malignant growth, typically involving photon modalities delivered at mean dose rates in the 

range of ~0.03 Gy/sec.  Improvements in conformality and stereotactic approaches have greatly 

improved certain patient outcomes, however curative intent is still hampered by radioresistant 

tumor recurrence and resultant normal tissue toxicities that define dose tolerances.  For decades 

these fundamental limitations have been tackled by tailoring fractionation schedules combined 

with technological improvements in imaging and beam delivery to squeeze out relatively 

incremental gains in the therapeutic index. Ultra-high dose rate FLASH-RT has been shown to 

afford marked normal tissue sparing while maintaining anti-tumor efficacy, in vivo outcomes that 

define the “FLASH effect”201,264,265.   

Recent work has substantiated the broad ranging capability of FLASH-RT using electrons, 

photons, and protons to alleviate normal tissue toxicities in the brain, lung, gut, blood, bone, 

muscle and skin without compromising the tumoricidal activity of ionizing radiation4.  

Importantly, these findings regarding normal tissue sparing have been validated in fish, mice, 

cats, dogs, and mini-pigs as well as in multiple preclinical mouse tumor models266.  The global 

scope of these far-reaching benefits coupled with the diversity of the normal tissues and tumor 

types involved has in large part, confounded efforts aimed at elucidating a unifying mechanistic 

hypothesis able to account for the FLASH effect.  Notwithstanding, extensive data derived from 

the normal mouse brain and mice bearing orthotopic brain tumors has substantiated the promise 

of FLASH-RT at ameliorating many of the long-lasting neurocognitive and cerebrovascular 

complications caused by cranial radiotherapy that severely compromise the quality of life of 

adult and pediatric brain tumor survivors2,5,9,181,231,267.  In this light, the focus of this study was to 
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advance our mechanistic understanding of how FLASH-RT forestalls (if not eliminates) the 

progressive onset of the neurological decrements observed routinely with CONV-RT. The 

temporal development of normal tissue toxicities associated with standard of care cranial 

radiotherapy for glioblastoma (GBM, 30fx at 2 Gy +/- temozolomide) have been well 

documented268.  Despite promising trials implementing the N-methyl-D-aspartate receptor 

(NMDAR) antagonist memantine and/or hippocampal sparing269,270, multifaceted cognitive 

deficits are inadequately resolved, in part, since these functional outcomes are readouts of 

network level disruptions not restricted to perturbations of NMDAR signaling or damage to the 

temporal lobes.    

The foregoing provides the rationale for pursing the mechanistic basis of the FLASH sparing 

effect in the brains of adult male and female mice exposed to hypofractionated cranial FLASH- 

and CONV-RT previously validated to control GBM and spare cognition267.  Mice were 

evaluated on a rigorous behavioral platform beginning 10-weeks after exposure, designed to 

discriminate the extent of radiation-induced cognitive deficits between the cohorts.  In each 

instance and regardless of sex, FLASH and control cohorts were statistically indistinguishable, 

whereas CONV cohorts exhibited significant learning and memory impairments on each of the 

behavioral paradigms administered (Objects in Updated Locations, OUL; Novel Object 

Recognition, NOR; Light/Dark Box, LDB and Fear Extinction, FE).  Cognitive deficits 

coincided with impaired synaptic plasticity, as electrophysiological assessments of LTP 

conducted in the hippocampus and/or medial prefrontal cortex showed that CONV-RT inhibited 

LTP significantly, whereas FLASH-RT did not.  Sparing of these critical functional outcomes in 

the FLASH irradiated brain was investigated at the molecular and structural levels of the 

synapse. Results show that FLASH preserved synaptic density (synaptophysin), whereas the 
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structural integrity of pre- and post-synaptic bouton (Bassoon/Homer-1) remained unchanged 6-

months post-RT.  The beneficial neurobiological effects of FLASH-RT extended to microglia, 

where a significant increase in the levels of activated CD68+ microglia found after CONV-RT 

were not evident in FLASH irradiated brains, confirming the relative absence of this key marker 

of neuroinflammation.  Collectively, these new data highlight structural, molecular and 

functional endpoints that link the neurological benefits of FLASH-RT from synapse to cognition. 
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Materials and Methods 

Animals 

Animal procedures were conducted in accordance with the Swiss ethics committee (VD3603) 

and the University of California, Irvine Institutional Animal Care and Use Committee (IACUC, 

AUP-21-025) for animal experimentation. Male and female C57Bl/6J mice (n=8/treatment/sex) 

were purchased from Charles River Laboratories (France, strain code 632) and were allowed to 

acclimate. Mice were 10-weeks of age at the time of irradiation.  

Irradiation 

Whole-brain irradiations were performed on a prototype Oriatron 6e, 6-MeW electron beam 

linear accelerator (LINAC) at the Lausanne University Hospital (Lausanne, Switzerland), as 

described previously206. Extensive description of this prototype Oriatron dosimetry have been 

previously described203,204. Mice received three whole-brain, head only, doses of 10 Gy, 

separated by 48 hours using a 17-mm graphite applicator at either CONV dose rate (0.09 Gy/s) 

or ultra-high-dose-rate FLASH delievered in a single 1.8 μs pulse (5.6 × 106 Gy/s). Details of the 

irradiation parameters are listed in Table 4.1.  

Experimental design  

To determine the neuro-mechanistic basis of the FLASH effect, we exposed adult (10-week-old) 

male and female mice to a hypofractionated dose (3 x 10 Gy, 48 hours apart) of either FLASH or 

CONV radiotherapy. Four months post-irradiation, mice performed in a series of behavior assays 

to assess radiation associated cognitive damage. After six months, mice were sacrificed, and 

tissues removed/prepared for assessment of endpoints listed below. Visual representation of the 

experimental design is presented in Figure 4.1. Prior to sacrifice, mice were randomly assigned 
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to either immunohistochemical endpoints (n=4/treatment/sex), molecular (n=5-8 

males/treatment) (Fig. 4.1A) or for electrophysiology (n=10-11 females/treatment) (Fig. 4.1B). 

Mice designated for immunohistochemical analysis were intracardially perfused using 25 mL of 

heparinized saline followed immediately by 4% paraformaldehyde. Preparation for 

electrophysiology is described below. 
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Figure 4.1:  Study design.  

10-week-old mice received hypofractionated FLASH or CONV irradiation (3 × 10 Gy). (A) 

Male and female mice underwent behavioral testing 4-months post-irradiation. At 6-months post-

irradiation, mice were sacrificed, and tissues were prepared for either immunohistochemical 

analysis (n=4/sex/treatment) or ELISA (n=5-8/sex/treatment). (B) Female mice were used to 

assess long-term potentiation. At 4-months post-irradiation, animals performed in the extended 

NOR behavioral assay (n=16/treatment). At 6-months post-irradiation, mice were sacrificed and 

prepared for electrophysiological analysis of long term potentiation (n=10-11/treatment). 
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 Prescribed dose and regimen 

CONV FLASH 

Beam parameters 3 × 10 Gy 3 × 10 Gy 

Graphite applicator type and size (mm) 

Source-to-surface distance (mm)  

Pulse repetition frequency (Hz)  

Pulse width  

No. of pulses 

Treatment time (s)  

Mean dose rate (Gy/s)  

Instantaneous dose rate (Gy/s) 

Hemi-Circular Ø17  

800  

10 

1.0 ms 

1170-1180 

117 

0.1 

8.5x103  

Hemi-Circular Ø17  

209 

100 

1.8 ms 

1 

1.8x10-6 

5.6x106 

5.6x106  

Table 4.1: Irradiation Parameters, Adults 

Fractionated whole brain irradiation was performed on the Oriatron 6e, 6MeV electron beam linear 

accelerator (LINAC) at Lausanne University Hospital. Mice received 3 doses of 10 Gy separated by 48 

hours using a 17mm graphite applicator at either CONV (CONV-RT; 0.09 Gy/s) or ultra-high dose rate 

FLASH (FLASH-RT, delivered at 5.6×106 Gy/sec in a single 1.8 µs pulse). 
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Behavioral testing 

Behavior apparatus 

All behavior was conducted in a dimly lit room inside an arena (30×30×30 cm) lined with a layer 

of fresh corncob bedding. During Object Updated Location (OUL) testing a thin blue strip of 

duct-tape was placed on one of the walls of the arena, to serve as an orientating mark. All plastic 

toys used for OUL and Novel Object Recognition (NOR) were cleaned prior to testing. Sessions 

were recorded offline using IC Capture for the purpose of offline exploration analysis via an 

overhead camera. 

Objects in Updated Locations Test (OUL) 

Mice were handled for two minutes per day for a period of four days prior to a period of 

habituation inside the empty arenas lasting six consecutive days. After habituation, mice were 

trained with two identical plastic toys in specific locations (A1, A2) for 3 days. Toys were 

magnetically fixed 16 cm apart from one another, and the mice were allowed to explore the 

context for 5 minutes. 24 hours later, one toy was moved to an updated location (A3), and mice 

were allowed to explore for 5 minutes. Finally, mice were given a retention test, where identical 

toys were placed in all three previous locations (initial and updated locations (A1, A2, A3)), as 

well as a fourth toy in a novel location (A4) (n=16/sex/treatment). Preference for the various 

locations was calculated as a Discrimination Index (DI), ((novel/total exploration time) − 

(familiar/total exploration time)) × 100. 

Novel Object Recognition (NOR) 

Mice were habituated for 5 minutes in empty plastic arenas for 1-day post-OUL testing. 24 hours 

later, mice were then allowed to explore the arena for 5 minutes with identical plastic toys. Mice 
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were removed from the arena and were placed back into their home cage for 5 minutes. Mice 

were returned to the arena containing one original and one novel toy and allowed to explore for 5 

minutes. Minutes 1-3 were used in the analysis to allow animals a chance to habituate to the toys 

and arenas (n=13-16/sex/treatment).  Additionally, female mice used for electrophysiology 

performed the long-term NOR test which extended the period of time between the training and 

testing phase from 5 mins to 24 hours (n=15-16/treatment).  

Light-Dark Box (LDB) 

Anxiety behavior was evaluated using the LDB test. The LDB arena comprised of an exposed 

light section (30×20×27 cm) connected to a covered dark section (15×10×27 cm) via a small 

opening. Mice were allowed to explore the arena for 5 mins; amount of time spent in each 

section as well as the number of transitions between the two sections were recorded 

(n=16/treatment).  

Fear Extinction (FE) 

To test the impact of the treatments on the ability of the mice to learn and extinguish fear 

responses, we conducted a series of FE experiments. Testing occurred in 2 similar yet different 

contexts within a behavioral testing chamber (17.5×17.5×18 cm, Coulbourn Instruments) 

consisting of a steel slat floor (3.2 mm diameter slats, 8 mm spacing). In context A mice were 

exposed to a vinegar scent, comprised of a solution of 10% vinegar sprayed within the chamber. 

In context B, metal slats were covered with a plastic tile and mice were exposed to a new scent 

comprised of a solution of 10% almond extract in a chamber equipped with modified lighting. 

Fear conditioning was performed in context A, where mice were habituated for 2 minutes; three 

pairings of a tone (16KHZ, 80dB, 120 secs) with a foot shock (0.6mA, 1 sec) were applied to the 
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mice. For the following 3 days, the mice underwent extinction training in context B. Mice 

underwent 2 mins of habituation, before a series of 20 unpaired tones (16KHZ, 80dB, 120 secs) 

was applied to the mice. Freezing behavior was recorded by an overhead camera and analyzed 

using an automated motion detection program (FreezeFrame, Cobourn Instruments). Tones 2 – 

12 were used for extinction training analysis to allow animals a brief habituation to the chamber 

and reduce false freezing behavior when animals stop near the end of the 45 min long trial 

(n=16/sex/treatment). 

Mice were then finally tested again in context B with 2 minutes of habituation, followed by a 

series of 3 unpaired tones (16KHZ, 80dB, 120 secs). Data was recorded using the overhead 

camera setup and freezing behavior was analyzed using FreezeFrame. A threshold separating 

values for freezing behavior and motion was set by an investigator, based on identifying a trough 

separating low and high mobility behaviors.  

Electrophysiology 

Female mice (n=10-11/treatment, 31 total) were sacrificed for electrophysiology and 

hippocampal slices prepared as described previously271.  The uteri of female mice were dissected 

and weighed prior to LTP assessments, confirming that none of the subjects were in estrus. Mice 

were anesthetized, decapitated, and the brains rapidly removed into ice-cold, oxygenated 

dissection medium containing (in mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 5 MgSO4, 0 CaCl2, 26 

NaHCO3, and 10 glucose. Hippocampal slices (340 µm, coronal) were cut from a vibratome 

(Leica, Model:VT1000S) before transfer to an interface recording containing prewarmed (31 ± 

10C) artificial cerebrospinal fluid (aCSF) composed of (in mM): 124 NaCl, 3 KCl, 1.25 

KH2PO4, 1.5 MgSO4, 2.5 CaCl2, 26 NaHCO3, and 10 glucose.  Slices were perfused 
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continuously at a rate of 1.75-2 ml/min while the surface of the slices were exposed to warm, 

humidified 95% O2/5% CO2.  Recordings began following at least 2 hr of incubation. 

Field excitatory postsynaptic potentials (fEPSPs) were recorded from CA1b stratum radiatum 

apical dendrites using a glass pipette filled with 2M NaCl (2-3 MΩ) in response to orthodromic 

stimulation (twisted nichrome wire, 65 µm diameter) of Schaffer collateral-commissural 

projections in CA1 stratum radiatum. Pulses were administered 0.05 Hz using a current that 

elicited a 50% maximal spike-free response.  After maintaining a stable baseline (20 min), long-

term potentiation (LTP) was induced by delivering 5 ‘theta’ bursts, with each burst consisting of 

four pulses at 100 Hz separated by 200 msec (i.e., theta burst stimulation or TBS). The 

stimulation intensity was not increased during TBS. Data were collected and digitized by NAC 

2.0 (Neurodata Acquisition System, Theta Burst Corp., Irvine, CA) and stored on a disk.  

Data in the text are presented as means ± SD, while in the figures as mean ± SEM. The fEPSP 

slope was measured at 10–90% fall of the slope and data in figures on LTP were normalized to 

the last 20 min of baseline. Electrophysiological measures were analyzed using a 1-way 

ANOVA. 

Immunofluorescence imaging 

Two 30-um thick sections per brain were selected from the ventral hippocampus and the medial 

prefrontal cortex (mPFC), roughly 300-400 µm apart. Tissues were washed and permeabilized 

using 0.1% triton in TBS and blocked using 10% goat serum prior to overnight incubation with 

the following primary antibodies: cluster of differentiation 68 (CD68, 1:500, Biorad), Homer1a 

(1:500, Synaptic Systems), Bassoon (BSN; 1:500, Neuromab), Synaptophysin (Syn, 1:500, 

Sigma), Toll-like receptor 4 (TLR4, 1:500, Novus). Tissues were incubated for 1 h at room 
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temperature with the following secondary antibodies: Donkey anti- rabbit 488 (1:1000, 

Invitrogen) Goat anti-mouse 647 (1:1000, Abcam) and goat anti-rabbit 555 (1:1000, Invitrogen), 

before counterstaining with DAPI and being slide mounted. Homer1a and BSN were imaged at 

63× using a ZEISS ELYRA7 with Lattice SIM and post processed in Zen and quantified using 

IMARIS software.  CD68 and Syn were imaged on a Nikon Ti2 microscope at 40x 

magnification. 

IMARIS 3d Rendering 

All Z-stack images were imported into Imaris version 9.7.0 and deconvoluted using an adaptive, 

theoretical PSF batch processing. Deconvoluted images were then processed for spot analysis for 

CD68 and Synaptophysin. To evaluate the mature synaptic binding, Homer1a and BSN super 

resolution images were analyzed using spot analysis that confirmed any spot larger than 180 nm, 

but no larger than 300 nm, as positive. A spot-to-spot analysis was performed to only include 

Homer1a and BSN spots that were within 180 nm of each other, confirming that the spots were 

touching and interlocked. 

Enzyme-linked Immunosorbent Assay (ELISA) 

Immediately after fresh dissection, hippocampal tissue from male animals were flash frozen and 

stored at -80°C. Tissues were lysed in RIPA buffer and supernatant prepared for ELISA testing. 

Protein concentrations of lysates were determined using a Bradford assay (Bio-Rad). A cytokine 

panel ELISA kit (Biolegend LEGENDPLEX) was used to detect IL-1β, TNFα, and IL-1α from 

lysates. Results are presented as fluorescent intensity/µg protein and normalized to controls.  
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Statistical analysis 

All statistical analysis was performed in Prism (Graphpad Software Inc, San Diego California, 

USA, version 5.04). For all endpoints, averages of individual animal replicates were used to 

calculate group interactions using a one-way analysis of variance (ANOVA) except for fear 

extinction group analysis where a two-way ANOVA was performed. Upon significant results, 

Bonferroni’s post-hoc testing was performed to determine statistical significance. For behavioral 

testing, outliers were removed from the statistical analysis. These outliers are defined as scoring 

outside 2 standard deviations of the mean. Data are presented as Mean ± SEM. Values of P ≤ 

0.05 were considered statistically significant.    
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Results 

FLASH-RT does not elicit cognitive impairments 

To date, the long-term impact of hypofractionated FLASH-RT on neurocognitive function has 

not been reported using an extensive battery of behavioral testing over protracted post-irradiation 

times.  While past reports have documented cognitive sparing after single dose exposures or in 

tumor bearing mice with a single task2,219,231,267, it was uncertain whether such benefits would 

manifest across multiple tasks under the current dosing regimen and between the sexes.  Here we 

also implemented a more rigorous cross-species relevant (meaning that performance metrics 

share a commonality between rodents and humans) task, namely the Objects in Updated 

Locations (OUL)272. The OUL task can be used to evaluate if/how irradiation interferes with 

prior associative recognition memories, proving a more rigorous assessment of how animals 

respond to increasing cognitive load.     

Our behavioral battery was started by assessing performance of male and female mice on the 

OUL task. A representative image of this test is presented in Figure 4.2A.  Days 1-3 involved 

training mice to two identical objects and location, while on day 4 mice were tested on their 

updated location memory. Control and FLASH irradiated male mice recognized the A3 location 

as novel while CONV irradiated mice did not (Fig. 4.2B; one-way ANOVA: F(2,38) = 8.616; P = 

0.0008). These data were corroborated in female mice (Fig. 4.2B; one-way ANOVA: F(2,42)= 

7.336; P = 0.0019). Following the updating session, mice performed in the testing session (Day 

4) where exploration of toy in a novel location was compared to updated information memory 

(A4 vs A3) and the original fixed toy (A4 vs A1). Male mice exposed to FLASH-RT performed 

similar to controls, and exhibited DI values that were significantly higher than CONV irradiated 

male mice (Fig. 4.2C; one-way ANOVA: F(2,36) =4 .448; P = 0.0188). Female mice exhibited 



 

109 
 

similar but more significant differences than males after exposure to FLASH-RT (Fig. 4.2C; 

one-way ANOVA: F(2,39)=12.57; P < 0.0001). When comparing novel location to original 

information (A4 vs A1), male mice exhibited similar albeit non-significant trends, (Fig. 4.2D; 

one-way ANOVA: F(2,36) = 1.929; P = 0.16). However, FLASH irradiated female mice 

performed the same as controls while CONV irradiated female mice performed significantly 

worse (Fig. 4.2D; one-way ANOVA: F (2,39) = 7.236; P = 0.0021).   
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Figure 4.2: Mice exposed to FLASH-RT performed similar to controls in hippocampal 

dependent learning and memory tests objects in updated location (OUL) while CONV-RT 

mice did not.  

(A) Objects in updated locations testing experimental design. (B) Update session behavior. At 4 

months post-irradiation, FLASH and control mice showed preference for the novel toy and 

location in both males (left) and females (right) while CONV did not. (C) Updated information 

test session. CONV irradiated female mice failed to learn the updated novel (A4) object over its 
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predecessor (A3) when compared to FLASH and control mice. CONV irradiated male mice 

performed significantly worse than FLASH mice. (D) Original information test session. CONV 

irradiated female mice were unable to differentiate between the updated novel location (A4) and 

the original location (A1) while FLASH and control performed similarly. No significant changes 

in male mice were observed. All data were analyzed using a one-way ANOVA followed by 

Bonferroni’s multiple comparison test (n = 11-16/sex/treatment). * = P ≤ 0.05, ** = P ≤ 0.01, ns 

= no significance. 
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Following OUL testing, mice were analyzed on the novel object recognition task (NOR) to 

evaluate episodic memory. Male mice exposed to FLASH-RT were indistinguishable from 

control mice while CONV irradiated mice performed significantly worse than either (Fig. 4.3A; 

one-way ANOVA: F(2,35)= 6.403; P = 0.0043). Female mice exposed to FLASH-RT performed 

similar to controls, however, the CONV-RT cohort did not show a decrement post-irradiation 

(Fig. 4.3A; one-way ANOVA: F(2,42) = 2.922; P = 0.0648). 

After completion of the NOR test, mice were evaluated in the light/dark box (LDB) arena. 

Anxiety is assessed by the number of transitions made between the light and dark areas. Results 

from this test indicate that control mice performed better than CONV-RT and FLASH-RT in 

both males (Fig. 4.3B; one-way ANOVA: F(2,38)=4.603; P=0.0162) and females (Fig. 4.3B; one-

way ANOVA: F(2,41)=6.548; P=0.0034). 

The behavioral battery was concluded by assessing freezing behavior of mice in the fear 

extinction test. Fear extinction refers to the dissociation of a learned response to a prior adverse 

effect. Both male and female mice learned to associate a tone and mild foot shock during the 

conditioning phase of the trial. During extinction training (days 2-4), mice were repeatedly 

exposed to the tone in a new environment and freezing behavior was measured, providing time 

for mice of both sexes and treatment to dissociate the learned response in a new hippocampal-

dependent context.  In males, a group effect was found during training (Fig 4.3C; Two-way 

ANOVA: F(2,40) = 3.376,  P = 0.0442) and extinction training (Fig 4.3C; Two-way ANOVA: 

F(2,40) = 4.121,  P = 0.0236) indicating that CONV irradiation caused animals to increase freezing 

behavior. A group effect was also found in female animals during the extinction training phase 

(Fig 4.3D; Two-way ANOVA: F(2,45) = 3.287,  P = 0.0465) indicating that CONV irradiated 

animals were unable to reduce freezing behavior when shock stimulus was removed. On the final 
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day of testing, mice are returned to the original environment where they received a mild foot 

shock followed by a tone. CONV irradiated mice exhibited higher levels of freezing than control 

or FLASH in both males (Fig 4.3E; One-way ANOVA: F(2,38) = 5.982,  P = 0.0055) and females 

(Fig 4.3F; One-way ANOVA: F(2,41) = 4.145, P = 0.0229), indicating that FLASH-RT preserved 

extinction memory in both sexes of mice.  
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Figure 4.3: Mice exposed to FLASH-RT performed similar to controls in the novel object 

recognition (NOR), light – dark box (LDB) and fear extinction tests.  

(A) NOR testing. Male mice exposed to FLASH-RT performed similar to controls, while 

CONV-RT were unable to differentiate between the familiar and novel object. Female mice 

exposed to FLASH-RT and CONV-RT exhibited no significant difference between controls. (B) 

Measurement of transition between light and dark environments in LDB testing. Male and 
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female mice exposed to CONV-RT performed significantly worse than controls. Male FLASH-

RT mice were not significantly different than controls, however, female mice did not transition 

between arenas as controls did. (C-D) Fear extinction training and extinction days. Exposure to 

CONV-RT caused male mice to exhibit increased freezing during training, while this was not 

observed in FLASH-RT or females. Exposure to CONV-RT also inhibited mice ability 

disassociate the tone/shock pairing as well as FLASH and controls in males and females. Group 

effects (#) were found in training days indicate that CONV irradiated animals exhibited increase 

freezing behavior. (E-F) Fear extinction testing. FLASH and control mice greatly reduced their 

tone/shock associations while CONV male (left) and female (right) mice did not. Data were 

analyzed using a one-way or two-way ANOVA followed by Bonferroni’s multiple comparison 

test (n=11-15/sex/treatment).  * = P ≤ 0.05, ** = P ≤ 0.01, # = P ≤ 0.05, ns = no significance. 
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Electrophysiological evaluation reveals the capability of FLASH-RT to preserve long-term 

potentiation (LTP).  

Electrophysiology provides for direct and functional measures of neurotransmission, which can 

clearly impact behavioral outcomes, and to date, no such measurements have been recorded from 

the brains of FLASH irradiated mice.  Due to the nature of these experiments, prior exposure to 

mild electrical shock (FE task) could confound such measurements, which necessitated the 

analysis of a separate cohort of mice (female) subjected to the same hypofractionated regimen. 

As LTP provides a validated method for assessing synaptic plasticity273, we hypothesized that 

this measure of activity-dependent synaptic connections between interconnected hippocampal 

circuitry might be preserved after FLASH- versus CONV-RT at protracted time points.  

To test this, we irradiated a cohort of female mice at 10 weeks of age and tested them 4 months 

later on an extended (1 day between exploration and testing) NOR task to confirm 

neurocognitive sparing before LTP assessment.  Mice exposed to FLASH-RT performed similar 

to controls, while CONV irradiated mice were unable to differentiate between the novel and 

familiar toy (Fig 4.4A; One-way ANOVA: F(2,44)=9.711, P=0.0003). Interestingly, and opposed 

to the short-term version of this assay on female mice (Fig. 4.3A), the extended NOR assay was 

able to validate the FLASH effect in this cohort.  Following NOR testing, female animals were 

subjected to the measurement of hippocampal LTP along the Schaffer collaterals. 

Theta burst stimulation (TBS) applied to the Schaffer collaterals produced a rapid and robust 

increase in LTP, quantified as the relative change in the slope of evoked field excitatory 

postsynaptic potentials (fEPSPs) generated by CA1 apical dendrites (Fig. 4.4B).  Following the 

TBS, the fEPSP slope gradually decayed to more stable levels of potentiation for all cohorts.  

Notably, mean potentiation levels in the fEPSP slope maintained at 1h post-TBS were reduced 
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significantly in the hippocampus following CONV-RT, but not in control or following FLASH-

RT (Fig. 4.4C; one-way ANOVA: F(2,28)=56.99, P<0.0.0001; Bonferroni post-hoc: CONTROL 

vs CONV: P<0.001; FLASH vs CONV: P<0.0001).  Moreover, the fact that these data were 

collected at protracted post-irradiation times (6 months), suggests that CONV-RT elicits a 

relative permanent inhibition of LTP, whereas unirradiated controls and FLASH irradiated mice 

were remarkably, statistically indistinguishable.  Such robust functional readouts demonstrate 

that FLASH-RT can protect the normal tissue structure function relationships of the mouse brain 

such that synaptic plasticity that underlies critical learning and memory processes can be 

preserved.  

 

 

 

 

 

 

 



 

118 
 

 

Figure 4.4: FLASH irradiation protects against reductions in long term potentiation (LTP) 

after CONV irradiation, six months after irradiation.  

(A) Extended novel object recognition testing, four months post-irradiation. Female mice that 

exposed to FLASH-RT performed significantly better than those who received CONV-RT. 

(n=15-16/treatment) (B) Theta burst stimulation (TBS) applied to the Schaffer collaterals 

produced a robust increase in fEPSP slope (as percent of baseline) in control and FLASH 

irradiated female mice but reduced in CONV mice six months after exposure. (C) Levels of 

potentiation in the fEPSP slope maintained 1h post-TBS was reduced significantly in the 

hippocampus of CONV-RT mice, but not in control or FLASH irradiated mice. Scale: 1 mV/5 

ms. Data were analyzed using a one-way ANOVA followed by Bonferroni’s multiple 

comparison test (n=10-11/treatment). * = P ≤ 0.05, *** = P ≤ 0.001, **** = P ≤ 0.0001. 
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FLASH irradiation preserves synaptic density in the hippocampus and medial prefrontal cortex 

(mPFC) 

Expression of the major synaptic vesicle protein synaptophysin was evaluated to quantify pre-

synaptic vessel density in both the hippocampus and mPFC (Fig. 4.5A). A significant decrease in 

pre-synaptic synaptophysin density after CONV-RT was observed in the hippocampus that was 

not found after FLASH-RT, 6-months post-irradiation in both males (Fig. 4.5C; One-way 

ANOVA: F(2,9)=15.82 , P=0.0011) and females (Fig. 4.5C; One-way ANOVA: F(2,8)=98.95, 

P=0.0001). This data was further corroborated in the mPFC finding similar significant 

differences in females (Fig. 4.5D; One-way ANOVA: F(2,9)=23.55, P=0.0003), but not in FLASH 

irradiated males (Fig. 4.5D; One-way ANOVA: F(2,9)=6.458, P=0.0182). Taken together, these 

data indicate that FLASH-RT spared synaptophysin density in two distinct regions of the brain, 

in stark contrast to CONV-RT.  

In our previous studies we have shown that FLASH-RT preserved spine density and dendritic 

complexity after irradiation8. To further scrutinize synaptic connections, we used an ELYRA7 

super resolution microscope to evaluate pre- and post- synaptic connectivity (Fig. 4.5B). 

Previous studies evaluating synaptic bouton suggested that an analysis of the juxtaposition of 

pre-synaptic bassoon (BSN) and post-synaptic homer scaffold protein 1a (Homer1a) puncta 

would provide a robust analysis of synaptic connections237. Our results indicate that no 

significant changes were found after either irradiation modality in either the male (Fig. 4.5E; 

One-way ANOVA: F(2,9)=0.1032, P=0.9030) or female (Fig. 4.5E; One-way ANOVA: 

F(2,9)=3.744, P=0.0656) hippocampus, or the male (Fig. 4.5F; One-way ANOVA: F(2,9)=0.07531, 

P=0.928) or female (Fig. 4.5F; One-way ANOVA: F(2,9)=0.4298, P=0.6633) mPFC.  
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Figure 4.5: FLASH irradiation protects synaptic density and spine morphology, six months 

after irradiation.  
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(A) Representative images of synaptophysin (red), DAPI (blue) (Scale bar = 100 µm). (B) 

Representative image of Homer1a (red)/Bassoon (green), respectively (Scale bar = 10 µm and 2 

µm in the zoomed image). (C/D) Quantification of synaptic density using synaptophysin found 

that FLASH did not induce dendritic disruptions that were observed in mice exposed to CONV-

RT in both the Hippocampus and mPFC. (E/F) Quantification of Homer1a and Bassoon spots 

within 120nm of each other. Male and female mice exhibited no differences between pre- and 

post- synaptic binding after FLASH or CONV irradiation in the hippocampus or mPFC. All data 

were analyzed using a one-way ANOVA followed by Bonferroni’s multiple comparison test 

(n=4/sex/treatment, 2 sections analyzed/region/animal).  * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 

0.001, **** = P ≤ 0.0001, ns = no significance. 
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FLASH-RT does not elicit an inflammatory response after hypofractionation at a protracted 

time. 

Previous work has documented a robust inflammatory response associated with cognitive 

impairments occurring after radiotherapy240. To assess if FLASH-RT induced long-lasting 

neuroinflammation, measurements of reactive microglia (CD68) (Fig. 4.6A) and quantification 

of IBA1 (microglia) and TLR4 colocalization (Fig. 6B) were analyzed using immunofluorescent 

staining. Data indicated that a robust inflammatory response was found in the hippocampus of 

mice exposed to CONV-RT, however, FLASH-RT animal expressed levels similar to control in 

males (Fig. 4.6B; One-way ANOVA: F(2,9)=75.49, P<0.0001) and females (Fig. 4.6B; One-way 

ANOVA: F(2,9)=63.31, P<0.0001). These findings were corroborated in the mPFC in males (Fig. 

4.6C; One-way ANOVA: F(2,9)=11.21, P=0.0036); however, FLASH irradiated females also 

expressed higher levels of inflammation that controls, though significantly less than CONV (Fig. 

4.6C; One-way ANOVA: F(2,9)=153.7, P<0.0001).  

Toll-like receptor 4 (TLR4) is known as a mediator of inflammation which can trigger pro-

inflammatory cytokines. Data from IBA1 and TLR4 colocalization analysis found that CONV-

RT induced an inflammatory response while FLASH-RT protected the brain, similar to our 

previous findings of reactive microglia (CD68) in both the male (Fig. 4.6D; One-way ANOVA: 

F(2,9)=11.96, P=0.0029) and female (Fig. 4.6D; One-way ANOVA: F(2,9)=23.91, P=0.0003) 

hippocampus. These findings were corroborated within the mPFC in both males (Fig. 4.6D; One-

way ANOVA: F(2,9)=18.16, P=0.0007) and females (Fig. 4.6D; One-way ANOVA: F(2,9)=7.804, 

P=0.0108). Because TLR4 is known to induce pro-inflammatory cytokines we assessed tissues 

of male mice using ELISA. Our results indicated that CONV-RT elevated levels of IL-1α when 

compared to controls while FLASH-RT caused no change (Fig. 4.6E; One-way ANOVA: 
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F(2,14)=4.554, P=0.03). While similar trends of elevated IL-1β and TNFα after CONV-RT were 

observed, these did not reach significance. These results are consistent with previous findings 

that co-evaluated neuroinflammation with neurological damage and cognitive impairment2,231.  
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Figure 4.6: FLASH irradiation protected against prolonged inflammation found in CONV 

mice, six months post-irradiation.  

(A) representative images of reactive microglia CD68 (Red) and DAPI (Blue) in the male mouse 

hippocampus and (B) representative images of IBA1 (Green), TLR4 (Red), and DAPI (Blue) 

(Scale bar = 100 µm).  (C) Quantification of CD68 immunofluorescence in the hippocampus and 

medial prefrontal cortex. Male (left) and female (right) mice exposed to FLASH-RT exhibit no 

significant change in CD68 expression while CONV mice expressed a neuroinflammatory 

response. (D) Quantification of IBA1 and TLR4 colocalization in the hippocampus and medial 

prefrontal cortex. Male and female mice were protected from increased levels of the 

neuroinflammatory mediator TLR4 when compared to CONV irradiation. (E) Inflammatory 

cytokines measured using ELISA. IL-1α exhibited elevated expression after CONV-RT exposure 

when compared to controls while FLASH induced no changes. No significant changes were 

observed in TNF-α or IL-1β. All data were analyzed using a one-way ANOVA followed by 

Bonferroni’s multiple comparison test (n=4/sex/treatment, 2 sections analyzed/region/animal). * 

= P ≤ 0.05, ** = P ≤ 0.01, **** = P ≤ 0.0001. 
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Discussion 

Here we describe the first comprehensive and long-term assessment of critical functional, 

cellular, and molecular outcomes in the hypofractionated FLASH irradiated mouse brain. The 

fact that control and FLASH cohorts exhibited outcomes that were statistically similar (if not 

indistinguishable) across such a varied series of endpoints is remarkable, considering the 

protracted times of follow-up.  In nearly every instance, CONV-RT led to significant disruptions 

in each endpoint measured that was not observed after FLASH-RT.  Neurocognitive benefits 

tracked with the preservation of synaptic plasticity and integrity through multiple measures that 

were coincident with reductions in neuroinflammation.   

To safely implement FLASH-RT into the clinic the convergence of multiple expertise and 

continued research is needed. To that end we have focused on delivering a high total fractionated 

dose to the brain, close to the standard of care currently used for the treatment of brain 

metastasis274,275 in efforts to establish a link between critical functional outcomes and key 

cellular, molecular, and structural mediators of neurotransmission.  Our initial focus was to 

critically evaluate the long-term capability of hypofractionated FLASH-RT to spare 

neurocognition using an expanded behavioral battery by the inclusion of a cross-species relevant 

OUL task and an extended (24 h) NOR task in tumor-free animals.  It was noteworthy, especially 

after a total dose of 30 Gy, that data derived from 4 distinct tasks conducted 4-6 months after 

irradiation, routinely showed that FLASH tracked control cohorts and did not exhibit the 

significant deficits observed after CONV-RT.  Interesting too was that the cognitive benefits of 

FLASH-RT extended (for the most part) across both sexes, and in no instance was FLASH 

observed to be more deleterious than CONV-RT.  FLASH may not elicit the same level of 

radiolytic change to preexisting structural elements critical for synaptic transmission.  Whether 
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reduced damage to certain normal tissue targets favors faster tissue repair or remodeling cannot 

be formally ruled out, however, we have found similar normal tissue sparing in the brain (albeit 

after different irradiation regimen) from 1-6 months post-exposure.  In the end, whatever FLASH 

damage was produced appears to be below the threshold required to elicit or manifest functional 

change in the CNS. Such results portend favorable new treatment options for those suffering 

with brain tumors, where the use of hypofractionated radiosurgery or SBRT-FLASH (brain 

metastasis) or whole brain FLASH-RT (unresectable glioma, palliative care) may help remediate 

mid- and longer-term neurocognitive complications.  

The fact that indices of learning and memory remained relatively intact after a 30 Gy 

hypofractionated dose of FLASH-RT points to the preservation of certain synaptic elements 

involved in neurotransmission.  In this regard, electrophysiological assessments provide direct 

measures of electrical activity within the brain, and long-term potentiation has remained a 

reliable standard in the field for assessing synaptic plasticity276,277.  Past work from our lab 

(albeit using distinctly different irradiation paradigms) has found that paired cell recordings are 

able to uncover subtle yet significant radiation-induced changes in the excitability profiles of 

principal cells in select cortical and hippocampus subfields246,278.  These changes become more 

significant when excitability is assessed over larger networks involving multiple synapses, 

suggesting that LTP measures within the hippocampal CA1 might reveal dose rate dependent 

effects246,279.  Indeed, FLASH-RT preserved hippocampal LTP identically compared to control 

cohorts, whereas CONV-RT inhibited LTP significantly.  Interestingly, data also suggest that 

LTP may serve as a biomarker of the FLASH effect, and ongoing studies will confirm the time 

course of dose-rate dependent changes in LTP at earlier post-irradiation times.  In addition, 

preservation (FLASH) and inhibition (CONV) of LTP appear permanent after irradiation, but 
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additional studies may identify synaptic substrates able to potentiate or reverse LTP shortly after 

TBS, in efforts to further evaluate the plasticity of molecular events involved in consolidation of 

LTP after irradiation.  The fact that FLASH-RT preserved this measure of synaptic function 

corroborates our cognitive data and suggests that FLASH-RT does not perturb the underlying 

circuit firing along a pathway (Schaffer collaterals) in a hippocampal region evaluated in our 

cognitive testing.  These data suggest that even after hypofractionated FLASH-RT, synaptic 

functional integrity and neurotransmission can be spared, effects that are clearly perturbed after 

CONV irradiation. 

To assess more formally what components of synaptic architecture might be preserved or 

disrupted after FLASH- or CONV-RT, we utilized immunohistochemistry to quantify levels of 

the pre-synaptic marker synaptophysin in the hippocampus and mPFC.  The capability of 

FLASH-RT to preserve the density of pre-synaptic synaptophysin vesicles, which was 

compromised significantly after CONV-RT suggest a potential underlying mechanism for the 

preservation of synaptic plasticity assessed by out LTP measurements.  To provide a higher 

resolution analysis of synaptic structures, we utilized super-resolution microscopy to quantify the 

extent of colocalization between pre- and postsynaptic bouton237.  The close association (≤ 100 

nm) of Bassoon in the pre-synaptic active zone and Homer-1 in the postsynaptic density 

presumes “tight binding” and provides an indication of whether the structural interaction 

between these integral synaptic scaffolding proteins was maintained (or not) after FLASH-RT.  

Colocalization data indicated that the association between Bassoon and Homer-1 in the 

hippocampus and medial pre-frontal cortex was not changes significantly by irradiation whereas 

LTP was spared by FLASH-RT only.   These results suggest that FLASH preserves synaptic 

function and the release of neuromediators required for neurocognitive function. 
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While the precise mechanism by which FLASH limits toxicity in the brain remains difficult to 

pinpoint, it was not the aim of this study, which focused on later biological events.  Our data has 

provided considerable evidence linking the beneficial effects of FLASH-RT from synapse to 

cognition. Other publications have however, focused on possible primary events in efforts to 

rationalize how FLASH might spare normal tissue toxicity which have invoked differential free 

radical cascades and reduced secondary yields of ROS after FLASH vs CONV2,265 in addition to 

the striking absence lipid peroxidation after FLASH vs CONV280. These factors likely limit 

neuroinflammation, in addition to other mechanisms as proposed in our recent review266  .  Here 

we can speculate that a “certain as yet unidentified” preexisting structural motif may define a 

target unique to normal tissue that is not as susceptible to radiolytic change.  Whether this target 

is either absent or altered in tumors that renders them equally susceptible to dose rate modulation 

is uncertain, but based on all available data to date, the FLASH effect likely involves multiple 

complex responses that are distinct between normal tissue and tumors266. 

Microglia play pleiotropic roles in maintaining the health of the CNS, effects that depend on the 

specific context (age, disease, endo/exogenous stressor) in which they exist.  As the innate 

macrophages of the CNS, they participate in gliovascular and synaptic remodeling through 

process motility, secretion of soluble factors and their capacity for phagocytosis281.  In the 

irradiated CNS, microglia likely operate though a “sensome” that facilitates their capability to 

transition between dynamic reactive states able to survey, detect and quickly respond to changes 

in their local environment281. This enables multifunctionality, where microglia can preserve 

synaptic and vascular integrity (FLASH) or enact opposite responses (CONV) depending on the 

local cues in which they respond282–284.  Precisely how these local cues differ in response to 

dose-rate modulation is uncertain at present but might involve different free radical cascades, as 
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suggested above.  Nonetheless, evidence clearly indicates that the sustained microglial response 

is sensitive to dose rate-induced changes, where the preservation of a more “normal” unirradiated 

homeostatic state is more readily achieved when a toxic dose is delivered at FLASH dose rates.  

Indeed, past work has delineated a variety of important roles they have in directly mediating the 

radiation response of the CNS240,285, and how they can modulate information processing 

important for cognition by potentiating or suppressing inflammation in the brain286,287.  In 

response to CONV-RT and other higher LET modalities, reactive microglia have been linked to 

impaired cognition through the complement signaling cascade288, reactive astrogliosis and 

microgliosis that elevate inflammatory cytokines2.  Many of these pro-inflammatory signatures 

can be attenuated by microglial depletion240,289, inhibition of adenosine kinase290 and the 

HMGB1/TLR4 signaling axis291 or in the case of past2,181,231 and present findings FLASH-RT.  

The marked capability of FLASH-RT to suppress (if not prevent) persistent elevations in 

microglial activation after a high dose, hypofractionated regimen point to one of the more 

significant outcomes of this new cancer treatment modality that should hasten clinical 

translation.   

Using a well characterized FLASH beam (eRT6, Oriatron), this work now provides a proof of 

concept that hypofractionated FLASH irradiation is beneficial over protracted post-exposure 

times. While this device is clearly not suitable for clinical radiotherapy of brain tumors, proton 

FLASH does currently have the beam characteristics more favorable for immediate to mid-term 

clinical translation.  Notwithstanding in vivo validation of normal tissue sparing in the brain with 

pencil beam scanning of larger volumes treated with proton FLASH, the development of very 

high energy electron (VHEE) and photon FLASH beams may provide suitable solutions in the 

future. On the topic of mechanism, a topic of intense interest in the field, we can pro-offer 2 
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ideas.  As alluded to above, we suspect that normal cells have certain pre-exiting structural 

elements that are resistant to radiolytic change at ultra-high dose rates, but one might simply 

surmise that FLASH and CONV kill tumors the same way.  In the second idea, FLASH may 

induce a metabolic switch in normal cells that promotes a state of quiescence, one that normal 

tissues can tolerate but tumors cannot. Reduced transcriptional, translational stress and lower 

macromolecular synthesis may alleviate normal tissue toxicities but may be more consequential 

to tumors that are more reliant on such processes for growth and survival.  We have discussed 

many of these possibilities among others in further detail in a recent review266. 

As the landscape of modern radiotherapy continues to evolve and improve, so too have patient 

outcomes.  Technological and biological advancements have ushered in a new era of stereotactic 

conformality that can be coupled with more tumor selective agents that are clearly extending 

overall survival for nearly every cancer, especially those diagnosed before oligometastatic 

dissemination292.  The challenge of targeting malignant subpopulations of cancer cells within our 

most structurally complex and important organ cannot be overstated, and while the eventual 

eradication of brain cancer remains a challenge, it is perhaps the target organ that stands to 

benefit the most from FLASH-RT.  While neurosurgery remains the standard, the capability of 

ionizing radiation to non-invasively penetrate the protective structures of the brain provides 

FLASH-RT coupled with SBRT and radiosurgery to pursue curative intent while maintaining 

acceptable long-term normal tissue toxicities for the benefice of patients with brain tumors. 
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Strengths and Weaknesses 

This project was designed to build upon the growing evidence of normal tissue sparing observed 

after FLASH-irr and which neurocognitive mechanisms are protected that are otherwise altered 

after CONV-irr. This experiment is the first to test clinically relevant doses of FLASH irradiation 

(30 Gy total dose) in an animal model of CNS radiotherapy in both male and female mice. While 

we have not matched clinical palliative care protocols that require 20 or more fractions, we have 

delivered a biologically equivalent dose that aligns with patient care. While experiments 

measuring long-term potentiation and dendritic binding are not new to our experiments, this was 

the first time we have measured the adult brain in a model of GBM. This data gives us new 

insight to the long-term cognitive benefits that are afforded by using FLASH-RT.  

While this study helped expand our knowledge of the neurocognitive protection of FLASH-RT 

in the adult brain, several aspects of the study were limited in scope. First, this study did not 

interrogate vasculature endpoints due to several complications. Primarily this was due to animals 

not being lectin injected, and while other methods of vasculature staining are available, our 

experience has found that paraformaldehyde fixed tissues are overly cross-linked and unable to 

bind antibodies. Additionally, this study does not examine a functional endpoint of vascular 

damage. Second, like previous chapters, we lack animals with GBMs in this study. Protection of 

the normal tissue is considered crucial in the clinic, but the project does not address the effects of 

irradiation on a CNS tumor. Our lab devised several studies to address both the lack of 

vasculature (Chapter 5) and GBM; however transportation of FLASH irradiated tissues with 

tumors failed to reach UCI and were destroyed in transit, leaving questions regarding tumor 

vascular changes unanswered. Third, this study had a limited number of animals and required 

some endpoints to only assess male or female endpoints. This led to assessment of only female 
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LTP and male inflammation cytokines. Additional cohorts of male animals are being assessed for 

LTP, however in the past we have found differences in basal inflammation levels based on sex.  
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Initial results – Cerebral blood flow and oxygen metabolism in mice exposed to FLASH 

measured by high-speed quantitative optical imaging. 

 

Abstract 

Vasculature abnormalities can persist after radiotherapy leading to a host of issues, including 

microbleeds, edema, and an increased risk of stroke. Conventional (CONV) dose rates used by clinicians 

are delivered at ~ 0.03 Gy/Sec to balance normal tissue and tumor damage. While modern advancements 

in cancer treatment include dose fractionation, imaging, and stereotactic approaches, secondary effects of 

radiotherapy are of concern. Strategies to reduce normal tissue damage are critical to improve treatment 

as it would allow for escalated doses to be delivered to the target of interest. Ultra-high dose rate FLASH 

radiotherapy (RT) has a proven record of normal tissue damage mitigation including vasculature and 

cognitive effects in the CNS when compared to CONV-RT in pre-clinical trials while maintaining tumor 

control. While this normal tissue sparing effect extends to many different tissue types and species, more 

work needs to be done to determine the mechanism of action that causes the “FLASH effect.” In this 

light, our group has previously published extensively on the cognitive sparing effects seen after FLASH-

RT. The CNS relies heavily on the vasculature to deliver oxygen and glucose to fuel the brain while also 

removing metabolic waste to reduce neurotoxic effects from buildup. This preliminary experiment is 

designed to interrogate the CNS vasculature system by utilizing adult mice exposed to 3 x 10 Gy fractions 

at either FLASH- or CONV-RT dose rates and imaged 10 weeks after irradiation using spatial frequency 

domain imaging (SFDI) or laser speckle contrast imaging (LSCI). Our finding, while not conclusive, 

indicates that FLASH-RT protects the cerebellum from vasculature damage but did indicate that oxygen 

levels were decreases in the skin. Further analysis of data, as well as a larger cohort of animals are likely 

necessary to tease out significance.  
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Introduction 

Radiotherapy is commonly prescribed to treat malignancies and vascular abnormalities in the 

central nervous system (CNS). While recent advancements in conformality and stereotactic 

delivery have improved cancer treatment, increased risk of stroke, microbleeds, and edema 

continue to be of concern to clinicians, albeit secondary to survival. Recent discoveries utilizing 

ultra-high dose rate FLASH-radiotherapy (FLASH-RT) have demonstrated tumor control while 

mitigating early and late blood brain barrier damage in preclinical studies9,11. Whether this 

protection of the microvasculature translates to larger vessels that directly affect cerebral blood 

flow (CBF) remains unknown.  

The complexity of normal brain function is critically dependent on CBF to meet metabolic 

demands by delivering oxygen and glucose, while simultaneously clearing waste. While the 

brain only constituents a small fraction of mass relative to the rest of the body, it demands 20% 

of cardiac output and available systemic oxygen, largely in part to the high metabolic demands 

and lack of energy storage in the CNS. Additionally, the vasculature of the CNS is designed to 

maintain blood flow during frequent systemic physiological changes to heart rate and blood 

pressure through a process known as autoregulation, driven by myogenic tone, metabolic input, 

and neurogenic mediation293,294. The capacity of the cerebral vasculature to maintain homeostasis 

during fluctuations protects the brain from hypoxia, ischemia, hyperemia, vascular leakage, 

stroke, and edema294.  

Homeostasis in the brain can be hindered as late radiation effects cause capillary collapse, 

thickening of basement membranes, and alterations to the blood brain barrier’s (BBB) integrity, 

likely a factor in chronic radiation diseases260,295. In addition to these vascular morphological 

changes come modification to cerebral blood flow after radiotherapy. Both animal and clinical 
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studies have reported that radiotherapy causes a dose dependent decrease in CBF that correlate 

with an increase in edema296297,298. Additionally, correlation between decreases in CBF post-

irradiation have been associated with elevated risk of stroke and ischemia299. Considering these 

secondary sequelae of normal tissue damage cause by radiotherapy, many would stand to benefit 

from treatment that reduced vascular damage of the normal tissue.  

In this light, FLASH-RT potential to persevere the CBF should be considered given the plethora 

of pre-clinical findings that find minimized vascular and cognitive damage while simultaneously 

maintaining tumor control. In this study, we seek to utilize two in vivo imaging techniques, 

Spatial Domain Frequency Imaging (SFDI) and Laser Speckle Imaging (LSI) to measure CBF in 

mice that received 30 Gy (3 x 10 Gy, CONV or FLASH dose rates) to determine if FLASH-RT 

modifies blood flow. Additionally, animals underwent a test of functional hyperemia to 

determine if autoregulation of the vasculature was impacted by irradiation. Unfortunately 

reverberations in the data and imaging collection did not allow us to analyze the functional 

hyperemia data, leaving us with only baseline levels of skin and cerebellum vasculature, 

hemoglobin and oxygenation.   
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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. 

To determine if adult animals exposed to FLASH-RT were protected from reduced cerebral 

blood flow that is normally observed after CONV-RT, 8-week-old female C57Bl/6J mice were 

irradiated (3×10 Gy, FLASH or CONV irradiation, head only). Animals were shipped to the 

University of California, Irvine where they were acclimated for 10 weeks before undergoing 

imaging.  

Irradiation 

Whole-brain irradiations were performed on a prototype Oriatron 6e, 6-MeW electron beam 

linear accelerator (LINAC) at the Lausanne University Hospital (Lausanne, Switzerland), as 

described previously206. Extensive description of this prototype Oriatron dosimetry have been 

previously described203,204. Mice received three whole-brain, head only, doses of 10 Gy, 

separated by 48 hours using a 17-mm graphite applicator at either CONV dose rate (0.09 Gy/s) 

or ultra-high-dose-rate FLASH delivered in a single 1.8 μs pulse (5.6 × 106 Gy/s). 
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 Prescribed dose and regimen 

CONV FLASH 

Beam parameters 3 × 10 Gy 3 × 10 Gy 

Graphite applicator type and size (mm) 

Source-to-surface distance (mm)  

Pulse repetition frequency (Hz)  

Pulse width  

No. of pulses 

Treatment time (s)  

Mean dose rate (Gy/s)  

Instantaneous dose rate (Gy/s) 

Hemi-Circular Ø17  

800  

10 

1.0 ms 

1170-1180 

117 

0.1 

8.5x103  

Hemi-Circular Ø17  

209 

100 

1.8 ms 

1 

1.8x10-6 

5.6x106 

5.6x106  

Table 5.1: Irradiation Parameters, Adult Cerebral Blood Flow 
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Animal Surgeries and Anesthesia  

Just prior to imaging animals were anesthetized using isoflurane/room air [2%(vol/vol) 

induction, 1.5% (vol/vol) maintenance; Dechra]. Initial Spatial Frequency Domain Imaging were 

performed (as described below) and then Lidocaine (Lidocaine Hydrochloride Jelly USP, 2%; 

AKORN) was liberally applied for 2 minutes before removal. A small incision was made 

between the bregma and lambda points on the skull and fascia was removed. Saline was 

frequently used to prevent the skull from drying. Once bleeding stopped, a coverslip was used 

over the skull with saline used to reduce light refraction. Animals underwent an additional SFDI 

and then LSCI. Five minutes after LSCI began, animals underwent a hypercapnia challenge as 

CO2 was added to the anesthesia for an additional 5 min before returning animals to room air 

and isoflurane. An additional 5 minutes of recovery were recorded using LSCI. Animals’ 

wounds were closed using sterile staples and were then injected with buprenorphine (0.03 

mg/kg).  

Spatial Frequency Domain Imaging 

For SFDI, LEDs at three different wavelengths (655, 730, and 850 nm) were used as light 

sources. The light was directed to a spatial light modulator that projected square-wave patterns 

onto the brain. Backscattered light was captured using a scientific complementary metal-oxide-

semiconductor (sCMOS) camera (Hamamatsu Photonics). An Arduino Due microcontroller 

board was used to synchronize the camera acquisition, spatial light modulator, and LEDs. For 

each wavelength, four patterns were projected onto the tissue in sequence. The first pattern was 

nonmodulated (i.e., DC illumination), and the three subsequent patterns were modulated at 

spatial frequency ∼0.3  mm−1 with three distinct spatial phases to enable demodulation. Thus, 

there were a total of (3 wavelengths × 4 frames) = 12 frames of SFDI data for each measurement 
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time point. The detected square wave pattern could be approximated as a sinusoid, allowing 

demodulation in the manner described previously by our group. Using this acquisition scheme, 

reconstruction of tissue hemodynamics and CMRO2, at an effective imaging rate 

of ∼14  Hz∼14  Hz was possible. A figure including the layout of equipment for the SFDI is 

included in Figure 5.1. 

Laser Speckle Contrast Imaging 

For LSI, a light source consisting of an 809 nm laser with long coherence length (Ondax, Monrovia, 

California) was used. To increase uniformity of illumination over the imaged region of interest (ROI), a 

ground-glass diffuser (ThorLabs, Inc., Newton, New Jersey) was placed between the laser and the brain. 

A CCD camera (Point Grey Research Inc., Richmond, BC, Canada) detected the backscattered light with 

a 10-ms exposure time, resulting in image acquisition at a frame rate of 60 Hz. Using a 5×5 sliding spatial 

window filter, the equation K=σ/⟨I⟩ was employed to calculate the local speckle contrast K at each pixel, 

where ⟨I⟩ is the mean intensity within the filter and σ is the standard deviation within the filter. Then, the 

speckle flow index (SFI) was determined from the values of K and the exposure time T via a simplified 

speckle imaging equation SFI=1/(2TK2). Time-resolved SFI curves were generated by taking the mean of 

the SFI over a selected ROI at each time point. A figure of the LSCI is included in Figure 5.1. 
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Figure 5.1: Spatial Frequency Domain Imaging and Laser Speckle Contrast Imaging 

layout 
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Results 

Preliminary results indicate that FLASH protects skin oxygenation levels 

Intact vasculature of normal tissue is critical to perfusion of oxygen to tissue. To determine if 

FLASH-RT protects normal tissue oxygenation, we used LSCI to measure oxygen levels from 

the head of mice exposed to radiation 5 months prior. Data indicated that conventionally 

irradiated mice had a reduction in percentage of oxygenation, however this was not significant 

[Fig. 5.2: F(2,3)=5.166, p=0.1067], likely due to the low animal number (n=2/treatment). This 

data justified further applications of these imaging techniques with additional animals with 

clinically relevant doses. 
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Figure 5.2: Preliminary data suggests that FLASH irradiation protects against radiation 

induced oxygen depletion from skin, 5 months after irradiation. Oxygenation percentage of 

the tissue was measured and found a non-significant decrease in CONV irradiated animals, 6 

months after irradiation. One-way ANOVA was used to measure variance followed by a 

Bonferroni post hoc test.  
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Preliminary results hint that FLASH protects blood flow but reduces oxygen levels in the skin 

Building upon the early study results, we utilized animals that received 3 x 10 Gy CONV- or 

FLASH-RT for further study. Representative images of skin endpoint are shown (Fig. 5A) 

Imaging animals with an intact scalp found no significant between control and FLASH-RT; 

however CONV-RT is slightly reduced, albeit non significantly in the first minute of imaging 

[Fig. 5.3B; F(2,14)=1.242, p=0.3187]. Measurements of hemoglobin concentration (HbT) 

indicated a slight decrease in both CONV- and FLASH-RT in the first minute of imaging; 

however this data only bordered significance [Fig. 5.3C; F(2,14)=3.591, p=0.0551]. Imaging also 

revealed that there was a significant drop in the percent of oxygenation (StO2) of the skin when 

either CONV- or FLASH-RT was used [Fig. 5.3 D; F(2,14)=11.80, p=0.001]. These findings 

remain inconclusive and indicate that further analysis of collected data are needed, and 

potentially additional animals to extract significant data.     
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Figure 5.3: Modifications to cerebral blood flow, hemoglobin and oxygenation of the 

dermis after irradiation using FLASH or CONV dose rates. 

(A) Representative images of cranial skin after hair removal for blood flow, hemoglobin, and 

oxygenation. (B) Measurements of average blood flow found no significant differences between Control, 

FLASH-RT, or CONV-RT. (C) Hemoglobin levels were not significantly altered after FLASH-RT or 

CONV-RT. (D) Oxygenation of dermal tissue was significantly lowered after irradiation when compared 

to controls. All data were analyzed using a one-way ANOVA analysis followed by Bonferroni post-hoc 

testing (n=5-6 animals/treatment). ** = P ≤ 0.01.  
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Preliminary results indicate that no significant changes to baseline levels of blood flow, 

hemoglobin or oxygen saturation occurred after FLASH- or CONV-RT.  

Previous work has indicated that vasculature of the hippocampus is compromised by CONV 

irradiation but protected by FLASH. To determine if this vasculature protection protects cerebral 

blood flow and tissue oxygenation levels, we utilized SFDI and LSCI on animals that had had 

skin and fascia removed from the skull. Representative images of the cerebral endpoints are 

shown (Fig. 5.4A). Initial results indicate a slight drop in cerebral blood flow after irradiation by 

CONV or FLASH, but variance in the data lead to a lack of significance [Fig. 

5.4B; F(2,14)=0.5390; P = 0.5968]. Additionally, levels of hemoglobin were reduced in both 

CONV- and FLASH-RT [Fig. 5.4C; F(2,14)=3.198; P = 0.077], but lacked significance. However, 

this did not translate into reduced oxygenation within the tissue as FLASH- and CONV-RT did 

not differ from control [Fig. 5.4D; F(2,14)=0.0318; P = 0.9687]. Data taken together suggests that 

some underlying differences may exist; however, use of a limited data set harbored our ability to 

determine some differences that may be minute.  
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Figure 5.4: Modifications to cerebral blood flow, hemoglobin and oxygenation of the 

cerebellum after irradiation using FLASH or CONV dose rates. 

(A) Representative images of cerebral blood flow, hemoglobin, and oxygenation after irradiation. (B) 

FLASH- and CONV-RT had no significant decreases in cerebral blood flow after irradiation. (C) 

Hemoglobin levels in the cerebellum were reduced compared to control, but did not significantly differ. 

(D) Oxygenation of the cerebellum indicated no significant changes after irradiation. Data was analyzed 

using a one-way ANOVA analysis followed by a Bonferroni post-hoc test to determine significance (n=4-

6).   
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Discussion  

This current study was the first to evaluate FLASH irradiation’s effects on cerebral blood flow 

and oxygenation of the tissue after irradiation, and what potential benefits for patients who 

receive radiotherapy might exist. Higher doses of radiation are typically used to treat 

glioblastomas have been shown to reduce blood flow296,298,299, inhibiting nutrient delivery and 

metabolic waste removal, potentially causing neurotoxic conditions. In previous pre-clinical 

studies, clinically relevant doses of FLASH-IRR protected against detrimental damage to 

vasculature homeostasis11. In this study we assessed key aspects of vasculature health including 

cerebral blood flow, hemoglobin levels, and tissue oxygenation as well as functional hyperemia 

under conditions of hypercapnia utilizing two novel imaging techniques. Data from this report 

indicates that FLASH-RT did not induce vasculature damage in the cerebellum; however, our 

limited data collection from this study did not support that CONV-RT induced significant 

damage either. Additionally, data collection from the hypercapnia remains under collection, but 

may lead to limited findings due to a low number of animals and imaging complications.  

Aberrations to the vasculature after irradiation have been shown to lead to increases in white 

matter necrosis, likely stemming from reduced oxygen transfer and removal of metabolic waste 

that can lead to neurotoxic conditions198. Additionally, microbleeds, stroke and cavernous 

malformation are of concern for patient care300. For the treatment of glioblastomas, clinicians 

frequently use large doses, totaling upwards of 60 Gy delivered in smaller 2 Gy fractions to 

reduce toxicity; however, these detrimental effects are still observed. By delivering larger doses 

at less intervals (3 fractions of 10 Gy) we are able to effectively impose the same amount of 

damage to the brain that routinely observes these detrimental effects in the clinic.  
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New breakthroughs in the field of in vivo optical imaging techniques301 have found new and 

insightful ways to assess vasculature health in patients. By measuring light scattering and 

doppler scanning, our team has worked to assess blood flow dynamics of animal scalp and 

cerebellum of animals that received clinically relevant doses of radiation. While we did not 

achieve significance in the results as hoped for, we did observe trends that average blood flow 

could be reduced after CONV-RT but maintained in FLASH-RT. Additionally this trend was 

observed in measurements of cerebral StO2; however, the opposite was observed in skin. Data 

regarding the skin oxygenation is not entirely in line with other studies assessing FLASH-RT’s 

dermal protection after irradiation3, however, these assessments have major key differences, 

including assessment techniques and species differences. While this is purely speculative at this 

point, it is clear during the analysis that not enough animals were assessed and warrants further 

work.  

Radiotherapy techniques continue to evolve to improve treatment which benefits both survival 

and secondary sequelae. While these modifications have predominately focused on different 

sources of radiation, imaging, and conformality improvements, none have significantly increased 

the dismal five-year survival rate of glioblastoma patients. Ultra-high dose rate FLASH-RT 

continues to perform better than CONV-RT in nearly every pre-clinical challenge and the 

significance of these findings cannot be understated. While there will always more studies to 

perform and data to interrogate, FLASH continues to prove its worth as a tool in the fight against 

cancer.  
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Strengths and Weaknesses 

This project was designed to build upon all of the previous chapters by examining a functional endpoint 

of vasculature integrity after irradiation. We utilized two imaging techniques to determine vasculature 

regulation and normal tissue hemoglobin/oxygenation levels in animals that received clinically relevant 

levels of FLASH and CONV irradiation. In addition to these measurements, we interrogated a unique 

property of cerebral blood flow by exposing animals to a hyperemia CO2 challenge that measures how 

well autoregulation of the vasculature response to maintain homeostasis in the brain.  

This study was initially designed to interrogate multiple time points and methods of imaging, however, 

due to several circumstances, not all of our endpoints were realized. First, our largest weakness in the 

study is that we failed to keep our animals alive long enough to test for multiple time points. Animals that 

receive a large dose of irradiation that historically cause animals to lose weight and require constant 

monitoring to keep them alive. In combination with surgery recovery, we unfortunately lost the majority 

of our irradiated animals over a weekend reducing our n-value to ≥2, leading us to cull remaining animals 

as no further endpoints would be statistically significant/relevant. Second, we only measure CBF in the 

normal tissue, and do not include tumors as an aim in this study. Tumors are highly vascularized and are 

shown to have increased blood flow rate when compared to normal tissue. Measurements of oxidation and 

hypoxia could be of great interest; however, transportation of irradiated, tumor bearing animals from 

Switzerland (the source of our FLASH irradiator) has proved complicated and imaging techniques may 

not have yield results due to the penetrative power of the lasers. Third, due to significant animal loss, we 

were unable to measure molecular endpoints of micro-vasculature health that may have revealed insight 

into measurements of larger arterial health performed by the LSI and SFDI imaging. Fourth, the 

hypercapnia portion of the experiment failed to yield relevant data due to large fluctuation that were not 

previously observed.   
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