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Abstract

Encephalic radiation therapy delivered at a conventional dose rate (CONV, 0.1–2.0 Gy/min) elicits 

a variety of temporally distinct damage signatures that invariably involve persistent indications of 

neuroinflammation. Past work has shown an involvement of both the innate and adaptive immune 

systems in modulating the central nervous system (CNS) radiation injury response, where 

elevations in astrogliosis, microgliosis and cytokine signaling define a complex pattern of normal 

tissue toxicities that never completely resolve. These side effects constitute a major limitation in 

the management of CNS malignancies in both adult and pediatric patients. The advent of a novel 

ultra-high dose-rate irradiation modality termed FLASH radiotherapy (FLASH-RT, instantaneous 

dose rates ≥ 106 Gy/s; 10 Gy delivered in 1–10 pulses of 1.8 μs) has been reported to minimize a 

range of normal tissue toxicities typically concurrent with CONV exposures, an effect that has 

been coined the “FLASH effect.” Since the FLASH effect has now been found to significantly 

limit persistent inflammatory signatures in the brain, we sought to further elucidate whether 

changes in astrogliosis might account for the differential dose-rate response of the irradiated brain. 

Here we report that markers selected for activated astrogliosis and immune signaling in the brain 

(glial fibrillary acidic protein, GFAP; toll-like receptor 4, TLR4) are expressed at reduced levels 

after FLASH irradiation compared to CONV-irradiated animals. Interestingly, while FLASH-RT 

did not induce astrogliosis and TLR4, the expression level of complement C1q and C3 were found 

to be elevated in both FLASH and CONV irradiation modalities compared to the control. 

Although functional outcomes in the CNS remain to be cross-validated in response to the specific 

changes in protein expression reported, the data provide compelling evidence that distinguishes the 

dose-rate response of normal tissue injury in the irradiated brain.

INTRODUCTION

Brain exposure to ionizing radiation induces a variety of toxicities including 

neuroinflammation, gliosis and neurocognitive deficiencies. These toxicities are of major 
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concern in the context of radiotherapy, a frontline treatment used for the control of brain 

malignancies. Despite recent technological advances in treatment precision, radiation-

induced side effects in the brain remain an important dose-limiting factor, affecting the 

tumor cure and the quality of life of cancer survivors. Recently reported studies have 

emphasized the benefits of ultra-high-dose-rate FLASH radiation therapy (FLASH-RT) 

when examining normal tissue toxicities (1, 2). Preclinical and clinical studies by us and 

others showed the absence of severe toxicities in several FLASH-irradiated normal tissues 

(3–6), along with a maintained anti-tumor effect (7). This observation has been coined as the 

FLASH effect. In the brain, FLASH-RT has been shown to prevent the development of 

short- and long-term debilitating side effects that are usually observed after conventional 

dose-rate (CONV) irradiation, including a preservation of cell division, neuronal structure, 

an absence of gliosis (microglial and astrocytic activation) along with a preservation of the 

long-term neurocognition associated with a reduced oxidative stress (3–5, 8). Nevertheless, 

biological mechanisms are still unclear and further studies are needed to fully decipher the 

FLASH effect.

Preclinical studies reported by us and others have found that CONV cranial irradiation 

induces an acute and persistent oxidative stress. This modification in homeostasis has been 

described as associated to molecular and cellular modifications, including an elevated 

chronic neuroinflammation, linked to persistent microglial activation (9–14). This pro-

inflammatory status has a large negative effect on the cellular environment of the brain. 

Moreover, the astrocyte network represents approximately 50% of the total glial cell 

population and has diverse functions, including synaptic transmission modulation and 

secretion of growth factors (15, 16). Published studies have provided evidence that 

astrocytes play a role in neuropathological conditions, including neurodegeneration and 

neuroinflammation (17, 18). In the context of a brain injury, morphological changes are 

observed along with an increase in proliferation and expression of glial fibrillary acidic 

protein (GFAP). These long-lasting and irreversible modifications known as reactive 

astrogliosis have been described acutely and long-term after brain exposure to ionizing 

radiation (9, 19). Our data and that reported in the literature have also shown that increases 

in tumor necrosis factor-α (TNFα) and reduced synaptic adenosine accompanied by 

astrogliosis occur after brain irradiation and are associated with cognitive dysfunction (20–

23).

Among the different molecular cascades responsible for the maintenance of chronic 

neuroinflammation, an imbalance in the complement cascade has been identified in many 

degenerative conditions and brain injuries, as responsible for an excessive pro-inflammatory 

response (24–27). Over 40 proteins in the complement system mediate immune system 

responses and play major roles during central nervous system (CNS) development and its 

protection from infections (24, 25). The expression of complement component 1q (C1q) has 

been found elevated in several neurodegenerative conditions in both humans and rodents 

(26) and has been associated with loss of synapses, neuronal complexity and cognitive 

dysfunction (28–30). Neuronal injury or radiation-induced activation of the complement 

cascade can potentially lead to pro-inflammatory microglial activation (25, 31). Activation 

of the complement cascade results in the production of anaphylatoxins (complement C5a 

and C3a) that recruit and activate microglia and astrocytes via the interaction of these 
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molecules with cell surface receptors (32, 33). Interestingly, the detrimental role of C3a has 

been described in the irradiated mouse brain associated with elevated microglial numbers 

and astrogliosis (34). Previous published studies from our laboratory have established the 

damaging role of radiation-induced chronic, elevated astrogliosis and microglial activation 

(35, 36).

In this work we studied the occurrence of complement activation associated with reactive 

astrogliosis in the FLASH-irradiated mouse brain. Using quantitative immunofluorescence, 

we show that, contrary to CONV irradiation, FLASH-RT does not induce reactive 

astrogliosis in the hippocampus of irradiated mice. Levels of GFAP, microglial C1q and toll-

like receptor (TLR4) were reduced after FLASH compared to CONV irradiation, while both 

modalities elevated total expression of complement proteins C1q and C3 over that of 

nonirradiated controls. Findings here suggest that while radiation at either dose rate can 

trigger the complement cascade, downstream signaling leading to functional astrogliosis is 

not the same, pointing to a differential if not muted response of pro-inflammatory factors in 

the FLASH-irradiated brain.

MATERIALS AND METHODS

Animal Experiments

All animal experiments were approved by the Swiss (Vaud state approval: VD3241) and 

University of California, Irvine (Institutional Animal Care and Use Committee) ethics 

committees for animal experimentation and performed within institutional and national 

(Swiss and U.S. federal) guidelines. Three-to-four-month-old female wild-type mice 

(C57BL/6J) were maintained in standard housing conditions (20°C ± 1°C; 70% ± 10% 

humidity; 12:12 h light-dark schedule) and had free access to standard rodent chow and 

water.

Irradiation Devices

Irradiation was performed using a prototype 6-MeV electron beam linear accelerator 

(LINAC) of type Oriatron (eRT6; PMBAlcen), available at Lausanne University Hospital 

(Lausanne, Switzerland) and described elsewhere (37). Physical dosimetry has been 

extensively described and published to ensure reproducible and reliable biological studies (5, 

37–39). This LINAC is able to produce a pulsed electron beam at a mean dose rate ranging 

from 0.1 Gy · s−1 (i.e., comparable to conventional dose rates used in radiation therapy) up 

to 5.6 × 106 Gy · s−1, corresponding to a dose, in each electron pulse, ranging from 0.01 up 

to 10 Gy. In the current study 10 Gy FLASH irradiation was delivered in a single pulse of 

1.8 μs. The beam parameters used throughout this study are included in Table 1. The 

irradiation settings corresponding to the prescription dose for mouse irradiations were 

determined by surface dose measurements on a 30 × 30 cm2-solid water slab positioned 

behind a 1.7-cm-diameter aperture of a graphite applicator (13.0 × 13.0 × 2.5 cm3), as 

described elsewhere (6, 58).
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Brain Irradiations

All irradiations were performed under isoflurane anesthesia. For whole brain irradiations 

(WBRT), the mouse head was positioned behind and in contact with the aperture of the 1.7-

cm-diameter graphite applicator to irradiate the whole encephalon region, while limiting the 

dose to the eyes, mouth and rest of the body. Mice received a single 10 Gy dose (See Table 1 

for irradiation parameters). FLASH and CONV irradiation modalities were compared.

Immunohistochemistry, Confocal Microscopy and Volumetric Quantification

At one month postirradiation, paraformaldehyde-fixed brains were isolated as described 

elsewhere (36). Brains were cryoprotected using a sucrose gradient (10–30%) and sectioned 

coronally into 30-μm-thick sections using a cryostat (Microm, Thermo Scientific™, 

Rockford, IL). For each end point, 3–4 representative coronal brain sections from each of 4–

6 animals per experimental group were selected at approximately 15 section intervals to 

encompass the rostro-caudal axis from the middle of hippocampus (−2.0 to 2.9 mm from 

bregma) and stored in PBS. Free-floating sections were first rinsed in phosphate buffered 

saline (PBS), antigen retrieval was facilitated by incubation in citrate buffer (10 mM, pH 6.0 

with 0.01% Triton™ X-100, 70°C) for 1 h followed by blocking with 10% normal donkey 

serum (NDS) with 0.01% Triton X-100 for 30 min. Sections were then incubated overnight 

in primary antibodies: rabbit anti-IBA-1 (1:500; Wako Chemicals USA, Inc., Richmond, 

VA), mouse or rabbit anti-GFAP (1:500), rabbit monoclonal (clone 4.8) anti-C1q (1:100; 

Abcam®, Cambridge, MA) or mouse anti-C3 (1:500, C3d chain; Quidel® Corp., San Diego, 

CA) prepared in 3% NDS in PBS with 0.01% TTX. The next day, the sections were treated 

with goat anti-rabbit or mouse Alexa Fluor® 488 or 568 (1:500; Invitrogen™, Carlsbad, 

CA) made in PBS, 0.01% TTX and 3% NDS. The sections were nuclear counterstained with 

DAPI (1 μmol/l in PBS, 15 min and mounted with gold slow fade antifade mounting 

medium (Life Technologies, Grand Island, NY).

3D Algorithm-Based Volumetric Quantification

Single- or dual-immunofluorescent-stained and mounted sections (~25 μm thick) were 

scanned using a laser-scanning confocal microscope (Eclipse Ti C2; Nikon, Tokyo, Japan) 

equipped with a 60× oil-immersion objective lens (1.4 NA) and NIS element AR module 

(version 4.3; Nikon). The high-resolution (1,024p) z stacks (0.5 μm step size) were scanned 

through the section. An adaptive, 3D blinded deconvolution method (AutoQuant X3 version 

3.2; Media Cybernetics Inc., Rockville, MD) was used to deconvolute images to improve the 

signal resolution with respective fluorescent wavelengths (510 nm, green; 594 nm, red). The 

deconvoluted images were converted to IMS format for 3D algorithm-based Imaris analysis 

(version 9.5; Bitplane Inc., Zürich, Switzerland). In Imaris, IBA1 and GFAP were 3D 

modeled using the surface-rendering tool, and a 3D spot analysis was conducted for the 

complement component proteins (C1q, C3) or TLR4. Using an unbiased, dedicated co-

localization channel, the number of complement puncta or TLR4 on the surface of glia 

(IBA1 or GFAP) was individually calculated by selecting spots at a distance of −0.5 μm to 

0.5 μm from the surface created. The total (overall) expression and the expression level of 

the immunofluorescent puncta on each surface, the area and volume of IBA1 or GFAP, and 

the total number of puncta were used for quantitative comparison between the control and 
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irradiated groups. For analysis of astrogliosis, three to four individual astrocytes per brain 

were evaluated for the measurement of cell body and stelae volume using the surface 

analysis tool. To minimize batch-to-batch variations in the wet-lab experimentation 

(experimenter to experimenter, laser scanning confocal microscopy, etc.), we included 

corresponding 0 Gy control tissues for each batch of staining to compare differences with 

the irradiated (CONV, FLASH) groups. The data were expressed as mean volume of the 

immunofluorescence and number of puncta (complement proteins, TLR4) co-labeled with 

the glial (GFAP, IBA1) surface.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 6 (LaJolla, CA). Given 

the small group size (n = 5 to 6 mince per group), we conducted a non-parametric Kruskal-

Wallis H test. Once we found significant group effects, individual pairs of groups (control, 

CONV-RT and FLASH-RT) were compared using Mann-Whitney’s non-parametric test. For 

all analyses P ≤ 0.05 was considered statistically significant.

RESULTS

FLASH-RT did not Induce Astrogliosis in the Irradiated Brain

Astrocytic hypertrophy or astrogliosis is one of the consequences of radiation-induced brain 

injury. Our previously published study has shown a lack of microglial activation in the 

FLASH-irradiated compared to CONV-irradiated brains (3). To further investigate the effect 

of FLASH-RT on reactive gliosis, GFAP expression and astrocyte morphology were 

quantified in the hippocampus after CONV or FLASH irradiation. Volumetric measurement 

of astrocytic morphology, facilitated by 3D algorithm-based analysis of GFAP+ 

reconstruction of the fluorescent surface, showed a significant elevation in the astrocytic 

hypertrophy after 10 Gy CONV irradiation that was not observed after FLASH irradiation 

(Fig. 1A and B). One month after CONV irradiation, hippocampal astrocytes were 

characterized by thicker and longer processes with elevated GFAP expression (Fig. 1B), 

indicating reactive astrogliosis. Interestingly, for the same dose and at the same 

postirradiation timepoint, no astrogliosis pattern was observed in the FLASH-irradiated 

hippocampus, and morphologic characteristics were comparable to controls (Fig. 1C). These 

assessments of astrocytic morphology indicate that FLASH-RT, as opposed to CONV-RT, 

does not induce hypertrophic morphology, as shown by the increased volume of soma and 

processes (Fig. 1A, CONV).

Expression of Complement Cascade Proteins after FLASH Irradiation was not Associated 
with Astrocytic Expression of TLR4

As the complement system is a potent mediator of gliosis and also has a range of non-

immune functions in the CNS, including synaptic pruning, clearance of apoptotic cells and 

cellular debris (24, 25), we sought to determine if CONV-RT and FLASH-RT lead to 

differential effects on glial expression of complement cascade proteins in vivo. In the CNS, 

microglia are the prominent source of C1q, shown to play a detrimental role in a number of 

degenerative conditions (25). While volumetric quantification of the total C1q expression 

after dual immunofluorescence staining showed C1q expression elevated significantly 
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throughout the brain (P = 0.02 and 0.05; Fig. 2A and B), FLASH irradiation elevated C1q 

more than CONV irradiation (P = 0.05, Fig. 2C). Conversely, 3D volumetric analysis of the 

microglial (IBA1+) surface co-localized with C1q showed elevated co-labeling after CONV 

irradiation (P = 0.01) but not after FLASH irradiation (Fig. 2D).

In the brain, astrocytes have been shown to express C1q under a number of 

pathophysiological conditions including multiple sclerosis (40), temporal lobe epilepsy (41) 

and Alzheimer’s disease (42, 43). Thus, we quantified astrocytic immunoreactivity of C1q in 

the CONV- and FLASH-irradiated brain (Fig. 3A and B). GFAP-C1q co-labeling followed a 

similar pattern of immunoreactivity when compared to total C1q, (Fig. 2C) showing a 

significant increase after CONV and FLASH irradiation (P = 0.01, Fig. 3C). C1q+ puncta 

were co-localized with astrocytic cell body and stelae in the brain exposed to both radiation 

modalities.

The downstream enzymatic cascade of complement activation generates pro-inflammatory 

anaphylatoxins (C3a and C5a) from the complement component C3 that mediates 

inflammation (32, 33). In the CNS, astrocytes are responsible for the majority of C3 

production (44). Thus, the expression of C3 was analyzed one month after CONV or 

FLASH irradiation (Fig. 4). A significant elevation in total C3 immunoreactivity (Fig. 4A–

C) was identified in both irradiation groups (P = 0.002, Fig. 4C). Moreover, volumetric 

analysis of C3 co-labeling on the GFAP+ cells showed a significant increase in astrocytic C3 

(Fig. 4D) after CONV and FLASH irradiation. The increase in C3 expression observed after 

FLASH irradiation in the absence of astrogliosis suggest a divergence in the downstream 

activation of the complement cascade between the irradiation modalities.

Anaphylatoxins generated by the pathologic activation of complement cascade lead to 

inflammation by their interaction with cell-surface receptors, including TLR4 (32, 33). To 

further analyze the effect of FLASH-RT on this pro-inflammatory response, astrocytic TLR4 

expression was quantified one month postirradiation (Fig. 5A and B). The overall expression 

of TLR4 was increased significantly in the brain after CONV irradiation (P = 0.03, Fig. 5C). 

Moreover, dual immunofluorescence analysis of TLR4 and GFAP after CONV irradiation 

showed a significant increase of TLR4 expression at the surface of reactive astrocytes (Fig. 

5B and D). In contrast, FLASH-RT did not induce any elevation of TLR4 expression at the 

surface of GFAP+ astrocytes (Fig. 5D). These results suggest that despite an upstream 

activation of the complement cascade in astrocytes, FLASH-RT does not induce the 

expression of endogenous damage-associated molecular pattern (DAMP) receptors at the 

astrocyte surface in the irradiated brain, consistent with an absence of reactive astrogliosis 

(Fig. 1).

DISCUSSION

Our findings point to the differential involvement of inflammatory pathways in the brain in 

response to FLASH vs. CONV treatments. While we show that irradiation at either dose rate 

induces the activation of the complement cascade, reactive gliosis does not fully develop 

after FLASH-RT. Significant past data has implicated waves of neuroinflammation for 

driving persistent radiation-induced normal tissue toxicity in the brain (9, 45). This in part 
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provides some of the rationale for expectations that changes in inflammation might differ in 

the FLASH- vs. CONV-irradiated brain. While the mechanisms behind the neuroprotective 

effects of FLASH-RT remain partially understood, current studies have sought to uncover 

whether changes in the key mediators of complement cascade proteins and astrogliosis 

might provide a partial explanation.

Recently published studies have pointed to the importance of activated microglia in 

triggering reactive astrogliosis (via secretion of Il-1α, TNFα and C1qa) that perpetuate 

damage signatures in the CNS after insult with lipopolysaccharide (LPS) (17). Given the 

capability of CONV-RT modalities to persistently elevate levels of activated microglia in the 

brain, we reasoned that certain overlap in the LPS- vs. radiation-induced inflammatory 

cascade might be found by analyzing similar markers of astrogliosis. Data indicated a 

differential involvement of the complement cascade, where elevated astrogliosis found after 

CONV-RT was synchronized with elevated C3 and TLR4 expression. Expression of C1q 

was found to be a glia-specific response as CONV-RT elevated microglial (IBA1) C1q but 

not astrocytic C1q labeling. Astrocytes have been shown to express C1q in other 

neurodegenerative conditions including Alzheimer’s disease, multiple sclerosis and temporal 

lobe epilepsy (41–43). Interestingly, microglial C1q was not elevated after FLASH-RT, nor 

was there a difference in the overall increase of astrocytic C3 immunoreactivity found 

between CONV and FLASH irradiation, pointing to certain similarities in the radioresponse 

of the complement system. Persistent inflammatory signatures resulting from cranial 

irradiation may also involve the downstream complement activation proteins, including C3a, 

iC3b and C5a, leading to the prolonged activation of microglia and astrogliosis (25, 44). 

Cell-type specific changes were also evident, as increased expression of TLR4 in GFAP+ 

astrocytes after CONV-RT but not FLASH-RT points to a possible suppression of DAMP 

signaling in the FLASH-irradiated brain. As DAMP receptors, TLRs play important roles in 

elevating innate immune response against foreign pathogens that synchronizes with 

complement cascade activation (46, 47). Complement cascade effector proteins (C1q and 

iC3b) are associated with synaptic sculpting (24, 25), and may mediate previous findings 

showing a loss of synaptic density after CONV-RT but not FLASH-RT (3). Astrocyte 

intermediate filament system marker (GFAP) was used to evaluate astrogliosis and co-

localization of complement proteins. Typical star-like morphology of astrocytes, revealed by 

GFAP immunofluorescence, underrepresent the actual volume of astrocytic processes and 

associated morphology (48). Therefore, GFAP co-labeling data are only partially 

representative of the full extent of actual morphologic co-labeling between complement and 

TLR4 proteins in the irradiated brain. Whether or not FLASH-RT promotes protective 

and/or dynamic synaptic re-modeling remains to be confirmed experimentally using 

complement protein or receptor knockout mice.

Importantly, our current results are consistent with our previous work, which showed 

FLASH-RT as opposed to CONV-RT, ameliorated radiation-induced increases in astrogliosis 

and microgliosis over early (2–6 weeks) to delayed (6 months) postirradiation times in both 

male and female mice. Despite these prior findings and our current focus on female mice, 

further work quantifying the response of the complement system to FLASH-RT and CONV-

RT on the male brain needs to be evaluated. The need for further sex-specific studies is 

underscored in a recently published study by O’Banion et al., showing the protective, sex-
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specific effects of global complement receptor CR3 knockdown against exposure to CONV-

RT radiation-mediated spine loss (49). Previously we found that FLASH-RT afforded equal 

neuroprotection (cognition and dendritic spines) in both male and female brains, suggesting 

further differences between each irradiation modality (3).

The capability of FLASH-RT to spare normal tissue toxicity without compromising tumor 

control stands as the hallmark of the FLASH effect. While several reviews and perspectives 

have been published to account for these experimental observations, one in particular has 

highlighted how differences in redox biology and labile iron management between tumor 

and normal tissue might provide some insight into the improved therapeutic index associated 

with FLASH-RT. The idea revolves around the hypothesis that normal tissue detoxifies 

hydroxyperoxides more efficiently than tumor cells, and has considerably less labile iron for 

catalyzing Fenton-based hydroxyl radical production (50). This then offers the assertion that 

the half-life of damaging radiation-induced reactive species is longer in tumor tissue 

saturated with FLASH-induced free radicals, an effect simply not observed in CONV-

irradiated tissue due to significantly lower free radical stress. Current data highlight the 

complexities of different astrocytic markers, morphologies and complement activation that 

follow radiation exposure of the brain, and suggest that a deeper understanding of these 

pathways may identify some of the neuroprotective mechanisms of FLASH-RT. 

Nonetheless, data do show the brain to exhibit radioresponsive changes dependent upon the 

disparate dose rates used, and importantly for the first time, we report the actual induction of 

complement cascade proteins (C1q, C3) by FLASH-RT rather than the lack of activation, 

inhibition or suppression of pathways normally triggered by CONV-RT.
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FIG. 1. 
FLASH-RT did not induce astrocytic hypertrophy. Representative z stacks from laser 

scanning confocal microscopy (green, panel A) and volumetric analysis of 3D reconstruction 

for hippocampal astrocytes (green, GFAP, panel B) showed increased soma volume with 

thicker and longer stelae indicating astrocytic hypertrophy one month after 10 Gy CONV-

RT. The astrocytic morphology in the FLASH-irradiated group was comparable to controls 

(panel C). Data are presented as mean ± SEM (n = 6 animals per group). P values are 

derived from non-parametric Kruskal-Wallis H test and Mann-Whitney’s comparison 

between each group as indicated. Scale bar = 10 μm (panels A and B).

Montay-Gruel et al. Page 12

Radiat Res. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 2. 
FLASH-RT of the brain did not elevate microglial expression of complement C1q. Confocal 

z stacks (red, IBA1; green, C1q, panel A) and 3D algorithm-based volumetric quantification 

of microglia (red, panel B) co-labeled with C1q (yellow spots, panel B) showed an increased 

total C1q expression (panel C) in the hippocampus after both irradiation modalities (10 Gy). 

One month after 10 Gy CONV-RT, there was significantly elevated microglial co-labeling of 

C1q in the hippocampus (panel D), whereas after FLASH-RT this was not observed. Data 

are presented as mean ± SEM (n = 4–6 animals per group). P values are derived from non-

parametric Kruskal-Wallis H test and Mann-Whitney’s comparison between each group as 

indicated. Scale bar = 10 μm (panels A and B).
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FIG. 3. 
Elevated astrocytic expression of complement C1q in the irradiated brain. Volumetric 

quantification of confocal z stacks (green, GFAP; red, C1q, panel A) and 3D reconstruction 

of GFAP+ astrocytes (green, panel B) co-labeled with C1q (magenta spots, panel B) showed 

a significantly elevated complement C1q one month after either 10 Gy CONV-RT or 

FLASH-RT (panel C). Data are presented as mean ± SEM (n = 4–6 animals per group). P 
values are derived from non-parametric Kruskal-Wallis H test and Mann-Whitney’s 

comparison between each group as indicated. Scale bar = 10 μm (panels A and B).
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FIG. 4. 
Cranial irradiation increased astrocytic co-labeling of complement C3 in the hippocampus. 

Representative z stacks from laser scanning confocal microscopy (green, GFAP; red, C3, 

panel A) and volumetric quantification of 3D rendered GFAP+ astrocytes (green, panel B) 

showed a significantly elevated total C3 and GFAP co-labeling with C3 (magenta spots, 

panel B) one month after either 10 Gy CONV-RT or FLASH-RT (panel C). Data are 

presented as mean ± SEM (n = 6 animals per group). P values are derived from non-

parametric Kruskal-Wallis H test and Mann-Whitney’s comparison between each group as 

indicated. Scale bar = 10 μm (panel A and B).
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FIG. 5. 
FLASH-RT did not elevate astrocytic expression of the danger receptor TLR4. Volumetric 

quantification of confocal z stacks (green, GFAP; red, TLR4, panel A) and 3D 

reconstruction of GFAP+ surface (green, panel B) co-labeled with TLR4 (red, panel B) 

showed a significantly elevated total TLR4 and co-labeling with the danger-sensing receptor 

TLR4 one month after CONV-RT (panels C and D). Data are presented as Mean ± SEM (n = 

5–6 animals per group). P values are derived from non-parametric Kruskal-Wallis H test and 

Mann-Whitney’s comparison between each group as indicated. Scale bar = 5 μm (panels A 

and B).
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