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Cognitive dysfunction induced by ionizing radiation remains a major concern in radiation therapy as well as in space mission projects. Both fields require sophisticated approaches to improve protection of the brain and its neuronal circuits. Radiation therapy related research focusses on advanced techniques imposing maximal effect on the tumor while minimizing toxicity to the surrounding tissue. Research for example has led to the revival of spatially fractionated radiation therapy (SFRT) and the advent of FLASH radiotherapy. To investigate the influence of the space radiation environment on brain cells, low dose, high LET radiation in addition to simulated microgravity have to be studied. Both research areas, however, call for cutting-edge cellular systems that faithfully resemble the architecture of the human brain, its development and its regeneration to understand the mechanisms of radiation-induced neurotoxicity and their prevention. In this review, we discuss the proposed mechanisms of neurotoxicity such as the loss of complexity within the neuronal networks, vascular changes, or neuroinflammation. We compare the current in vivo and in vitro studies of neurotoxicity including animal models, animal and human neural stem cells, and neurosphere models. Particularly, we will address the new and promising technique of generating human brain organoids and their potential use in radiation biology.
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INTRODUCTION

Humans are unavoidably exposed to ionizing radiation (IR) from environmental and artificial sources [1]. The severity of radiation effects on the human organism depends on the dose and quality of radiation. High-LET (linear energy transfer) charged particles like carbon (12C) ions lead, due to densely ionization events, to more severe damage compared to sparsely ionizing low-LET radiation, e.g., X- and γ-rays [2]. Regarding radiation impacts, the human brain is divided into different sub-structures at risk [3], but the effects of IR on the brain are still poorly understood. Thus, additional research is required in the fields of radiation therapy and space research for adapted risk assessment and for the development of adequate shielding methods [4, 5]. Cell [6] and animal models [7] provided first insights into the mechanisms underlying radiation-induced neurotoxicity such as impaired connectivity and neuronal function that govern cognitive capabilities. However, these models lack the unique and complex architecture of the human brain, e.g., expanded neuronal cell diversity of millions of neurons organized in distinct functional regions, allowing higher cognitive abilities in humans [8]. So-called cerebral brain organoids exhibit several key features of the in vivo brain architecture and cell complexity and thus offer a more realistic microenvironment to investigate the impact of different noxae on the human brain [9]. This innovative model may improve our understanding of the mechanisms of radiation-induced late effects and enable the development of adequate countermeasures. Furthermore, brain organoids could be helpful to test the impact of novel irradiation modalities like SFRT and FLASH therapy before they are applied to the clinics.



NEUROTOXIC EFFECTS OF IONIZING RADIATION ON THE HUMAN BRAIN

The present knowledge of IR effects on the human brain is based primarily on data from epidemiological studies, particularly on Japanese atomic bomb survivors, as well as on cancer patients treated with radiotherapy. However, the affected persons were exposed at different ages and to different radiation qualities that influenced the varying outcomes of the radiation impacts [10, 11].

Epidemiological studies of prenatally exposed atomic-bomb survivors of Hiroshima and Nagasaki demonstrate that IR has, dependent on the dose and developmental stage, adverse effects on the developing brain. These manifest themselves in reduced head volumes in ~42 % of the children irradiated in utero with doses from 0.5 to 0.99 Gy at gestational weeks 8–15 [12]. Additionally, exposure to 0.5–0.99 Gy negatively affected the neurocognition, shown in a decline in school performances in 38 % [13] and a reduction of 21–29 points in intelligence quotient (IQ)-tests per 1 Gy absorbed dose for individuals irradiated at gestational weeks 8–15 [14]. These studies demonstrate the harmful effects of IR on the developing brain, particularly at critical stages of neocortical development, such as gestational weeks 8–15. Furthermore, a cohort study of children that underwent conventional photon-radiotherapy with doses of 0.01–2.8 Gy during infancy (<18 months) due to cutaneous hemangioma, displayed cognitive impairments at the age of 18/19 years. These effects were noticeable as a decrease in high school attendance at doses greater than 0.1 Gy as well as a dose-response relation for cognitive performance measured by cognitive tests aimed at learning ability, and logical reasoning [15]. IR-induced long-term effects also have been reported for pediatric and adult patients with primary or metastatic brain tumors receiving 4–65 Gy cranial photon-radiotherapy [11]. Adverse effects become apparent ≥6 month after treatment and manifest themselves in progressive impairments, which are comparable with Alzheimer's disease, such as deficits in memory, executive function, sustained attention, processing speed and learning, leading to a reduction of the patient's quality of life [11, 16, 17]. The extend of the radiation damage depends on age at irradiation, total dose, fractionation, and field size and the combination with other noxae, e.g., chemotherapeutics [11, 17]. Children are more strongly affected than adults due to the higher radio-sensitivities of the developing brain and a longer lifespan. It was shown that children that received 20–55 Gy of craniospinal photon radiotherapy due to central nervous system (CNS) malignancies at the age of ≤ 3 years displayed intellectual disability (Ø = −1.34 IQ-points per year) compared to non-irradiated children (Ø = + 0.91 IQ-points per year) [18]. This phenomenon was observable after the completion of therapy and during the follow-up time of ~7.5 years. Also, photon irradiation of adult patients with primary, supratentorial brain tumors verifiably led to radiation-induced cognitive deficits, measured by worse results in experimental memory tests after fractionated radiotherapy with a total dose to the tumor of about 46–63 Gy [19]. Altogether, these studies confirm conventional treatment related impairments at any age of patients. Even though photon-based radiotherapy has been continually improved and still remains the standard modality for the treatment of brain tumors, particle-based radiotherapy that mostly relies on protons and carbon ions and enables a more efficient treatment of brain cancer patients, came into focus [20]. In contrast to photons, particle irradiation exhibits an advantageous dose distribution due to a unique absorption profile in the tissue with lower entrance doses and well-defined depth range with maximum dose deposition and increasing relative biological effectiveness (RBE) at the end of their range, called Bragg Peak. This depth-dose profile enables precise irradiation of deep-seated tumors while sparing the surrounding healthy tissue [21]. The use of protons and heavy ions to treat cancer was invented by researchers of the Lawrence Berkeley Laboratory, CA, USA in 1958 (Berkeley “synchrocyclotron”) [22]. However, it was first implemented clinically in Japan, in 1994, using the Heavy Ion Medical Accelerator in Chiba (HIMAC) [23]. In Europe, a patient pilot study (1997–2008) with 12C-ions at the Heavy Ion Synchrotron (SIS18) at GSI Helmholtz Center for Heavy Ion Research, Darmstadt (Germany), showed a promising outcome of tumor control and minimal toxicity for irradiation of skull base chordomas and chondrosarcomas [21, 24]. It led to the transfer of particle radiotherapy from physics laboratories to the Heidelberg Ion-Beam Therapy (HIT) Center that was opened in 2009. Due to a decreased neurotoxicity and increased success rate of particle therapy, the number of facilities and thus the number of patients treated with protons and 12C-ions steadily increased in recent years1. Meanwhile, 104 particle therapy facilities are in clinical operation worldwide2. For protons, reduced neurotoxic effect compared to photons was demonstrated by the studies of Kahalley et al. [25, 26]. Pediatric patients treated for brain tumors with protons showed less neuropsychological impairments in terms of intelligence, perceptual reasoning, processing speed, and working memory than those treated with X-rays [25, 26]. However, considering that continuously improved diagnostics and radiation treatments lead to an increased number of patients with longer lifespan and thus a higher risk for developing treatment-related late effects, the need for adequate model systems and suitable irradiation modalities arises.

Cognitive deficits are also a major concern in long-term space mission beyond the shielding of the Earth's magnetosphere as reviewed by Cucinotta et al. [27]. Radiation-induced neurotoxicity is of particular interest, because the radiation environment in space differs significantly from the terrestrial. Terrestrial radiation exposure result mainly from radon-emitted, low energy alpha particles, and sparsely ionizing radiations, i.e., X-, β-, or γ-rays, while in deep space high-energy protons, helium, and heavier ions predominate. Therefore, space radiation induced biological damages can differ from those experienced on Earth. Moreover, effects of other spaceflight relevant factors, such as microgravity or disturbed circadian rhythm, may synergistically impair brain function. During long-term space missions the estimated total body equivalent dose for astronauts amounts to 1–2 mSv per day [28]. Potential CNS risks are reduced motor functions, neurocognitive deficits, probability of the occurrence of Alzheimer's disease and premature aging [27]. As an example, a NASA study on identical twins indicates the potentially harmful effects of galactic cosmic radiation on the human brain. The space-twin, that participated in a one-year mission, demonstrated a post-flight decline in cognitive performance and speed, which persisted during the whole observation time of 6 months, compared to the twin that stayed on Earth [29]. These risks may compromise astronauts' behavior under emergency conditions in deep space and justify the need of improved shielding methods. As the space radiation field and its effects are rather complex, it is difficult to predict the consequences for astronauts. Innovative accelerator facilities such as those available at FAIR/GSI can be used to simulate this mixed radiation field allowing a deeper insight into the CNS risk associated with cosmic radiation as well as the development of improved shielding methods. In summary, studying the effects of IR on the human brain is highly relevant, not only in context of risk assessment in radiotherapy, but also in terms of space research with a focus on shielding technologies.


Conventional Model Systems Used to Investigate IR-Induced Neurotoxic Effects

Because the molecular and cellular mechanisms underlying IR-induced neurocognitive deficits are still largely unknown, in vitro or in vivo models of the brain's neurophysiology were developed to address this topic.

One of the earliest neuronal cell types are so-called neural stem cells (NSCs). These multipotent, dividing stem cells exist in the developing, embryonic brain as well as in the adult brain of mammalian organisms and represent the early precursors of the CNS-generating neurons and glia cells (astrocytes and oligodendrocytes) [30]. In rodents, two special niches of high-density cell division have been identified: the subventricular zone (SVZ) lining the lateral forebrain ventricles and the subgranular layer of the dentate gyrus (DG) in the hippocampus. In both sites of the rodent brain lifelong neurogenesis, i.e., differentiation of self-renewing NSCs into neurons and glia, takes place. These newly born neurons and glia cells then mature and migrate into the cortical, neuronal circuits to participate in cognitive functions like learning and memory [31, 32]. Whether and how adult human neurogenesis takes part, is highly debated and a challenging research topic [33, 34]. De novo formation of human neurons has been analyzed using doublecortin (DCX) or PSA-NCAM as markers for intermediate progenitor cells and early immature neurons (often dubbed “neuroblasts”). However, the source of these cells may not be embryonic-like NSCs but rather astrocytic cells [35]. Thus, human NSCs derived from embryonic/pluripotent stem cells may not reflect adult neurogenesis and its radiosensitivity, yet, they exhibit features of cancer stem cells [36] and therefore still contribute significantly to the radiation biology field. Consequently, mammalian NSCs were isolated from fetal or adult brain or differentiated from pluripotent stem cells, cultured as two-dimensional (2D) monolayers and used as in vitro models for radiation effects on neurogenesis [37]. Likewise, the more mature neurons can be isolated from human brain or can be differentiated in vitro from human NSCs. By applying various differentiation and growth factors, neurons of distinct subtypes including GABAergic, dopaminergic, and motor neurons were already generated and successfully used for studying neuronal functionality, synaptic plasticity, and injury [38]. However, these 2D-cell cultures do not consider the three-dimensionality of brain tissue. As a more realistic model system, neurospheres (NS), i.e., three-dimensional (3D) aggregates of several neural and neuronal progenitor types, derived from NSCs in suspension, were established. Within the NS, neural cells are able to self-renew, generate various neuronal and glial subtypes at different stages of maturation [39] and display neuronal function in the form of spontaneously generated action potentials [40]. An organ-like microenvironment with some degree of structural or organizational integrity can be achieved, as shown by Merz et al. [41], by culturing rodent and human tissue slices of about 300 μm at an air-liquid interface. These slices even display the tissues' natural 3D-architecture up to 6 months. Finally, animal models, especially rodents, are used to investigate the radiation effects on the brain. The advantages of using animals as model organisms include, besides physiological similarity to humans, the entire vascularization and the complex biochemical and biomechanical microenvironment of the whole mammalian brain [7, 42].



IR-Induced Neurotoxic Effects

As seen from Table 1, several studies focused on the potential effects of sparsely IR on hippocampal neurogenesis. The observed radiation effects include a dose-dependent loss of NSCs [43, 44, 46, 47], a decreased proliferation rate of surviving NSCs [41, 43, 46–48, 53], impairments in the differentiation capability into neuronal and glial cells [44] and morphological changes in dendritic structure and neurite length [45, 50] leading to changes in synaptic transmission and therefore to a disturbed neuronal plasticity. Interestingly, these effects already occur at doses of about 1–2 Gy. This is of particular interest, because fractionated radiotherapy is usually performed with 1–3 Gy per fraction [68]. As seen from studies by Isono et al. [47], Morini et al. [48], and Yokota et al. [46], the effects on the NSCs were enhanced when irradiation was performed with particles, e.g., 12C-ions. These results verify the high radiation-sensitivity of non-differentiated neural stem and progenitor cells and correlate with the radiation-sensitive stage of early embryonic neurogenesis. Despite differences in neurogenesis between humans and rodents, as discussed above, there are some similarities in the radiation response, e.g., activation of microglia [51, 52, 56, 58]. Astrocyte and endothelium mediated secondary vascular abnormalities and the subsequent disruption of the blood brain barrier cause this activation of microglia, the phagocytic cells of the CNS. This induces chronic neuroinflammation via the release of pro-inflammatory cytokines, which also leads to degenerative changes in the white matter [51, 56, 57, 69]. In vitro and in vivo studies have shown that IR can further lead to an increase of oxidative stress producing DNA-damage and causes apoptotic cell death in neuronal, glial, and endothelial cell types in NSCs and NS [44, 49] as well as in rats [59]. In rodents, the radiation-induced loss of glial oligodendrocyte progenitor cells followed by demyelination of neurons ends up with white matter necrosis [59], which is also seen in humans [70]. These impacts on mammalian brains may contribute to impairments in behavior and to memory deficits as assessed by the Barnes maze [55, 60] and visual discrimination tests [54] and may also mirror cognitive defects seen in humans.


Table 1. Data collection of in vitro and in vivo studies on the effects of IR.

[image: Table 1]

Studies analyzing the effects of space-relevant 56Fe-ions on rodents (see Table 1) have shown that doses <1 Gy impair neurogenesis as well as neuronal function [62, 63] and can cause cognitive deficits. The irradiated animals exhibit persistent hippocampal and cortical based performance decrements in memory and behavioral tests [60, 61, 64, 65]. Comparative studies demonstrated that even exposure to 0.2 Gy 56Fe (1 GeV/u) resulted in cognitive impairments whereas X-ray exposure did not result in memory deficits until doses > 10 Gy indicating a high effectiveness of Fe (estimated RBE ~ 50) [60]. Additionally, mice that were exposed to protons with doses as low as 0.1–0.5 Gy also showed a decreased hippocampal cell proliferation and deficits in neurogenesis and synaptic plasticity [66]. These findings demonstrate the stronger effect of particle irradiation compared to photons and strengthen concerns about potential cognitive changes after space mission. However, the animal studies have been performed predominantly with 56Fe-ions and therefore do neither represent the full complexity of the space radiation environment, nor the continuous irradiation over several weeks and months in space.

In summary, these findings demonstrate the complex and dynamic effects of radiation on multiple cell types of the brain, including NSCs, oligodendrocytes, astrocytes, microglia, and neurons as well as vascular endothelial cells (Figure 1). Furthermore, comparative studies demonstrated the greater effectiveness of space relevant 56Fe-ions on CNS cells in comparison to photons. These radiation mediated impacts may contribute to diverse brain damages and neurodegenerative diseases, even though the detailed mechanisms of cognitive impairments remain largely unknown.
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FIGURE 1. Schematic illustration of IR-sources and possible radiation effects on the human brain.




Limitations of Conventional Model Systems

The model systems listed above, particularly the in vitro ones, have disadvantages. Despite the progress that has been made in understanding the hallmarks of brain development and neurogenesis as well as in investigating the neurotoxicity of IR using of 2D-cell cultures, these cell systems display distinct differences in morphology, metabolism, and differentiation compared to the in vivo situation [6]. Specifically, the NSC monolayer system only allows investigating IR effects on the very early and primitive neurogenesis as discussed above. Therefore, they neither address processes in the adult brain nor are they capable of reflecting the complex cell-layering and diversity seen in the human brain's architecture. The same applies to neurons cultivated in vitro as monolayers. In contrast, 3D-neurospheres contain cells at multiple stages of differentiation but lack cell-organization and hierarchical complexity found in the human brain in vivo [71]. A more relevant model is presented by human brain slice cultures from postmortem tissue or resected tissue from operations [72]. In vitro, their morphology and physiological characteristics can be partly preserved for up to 50 days [73]. However, there are striking differences between postmortem and resected slices in the processing of slices and transfer to the in vitro conditions, neuronal survival has to be sustained by elaborate culture conditions and finally procurement of human brain slices is challenging and impedes larger studies. In radiation biology, rodent studies are frequently used allowing first insights into the molecular mechanisms underlying cognitive dysfunction. However, apart from the ethical discussions on the use of animals in research, mice, and humans display species-specific differences, that speak against the use of animals as a model [42]. In addition to obvious differences in brain size and architecture due to the folding of the human brain, particularly the existence of neural stem cells, called outer radial glia, residing in the outer subventricular zone, and a greater diversity in neuronal cell types [74–76] sets the human brain apart from other mammalian ones. Notably, even between homologous human and mouse cell types, single-nucleus RNA-sequencing analyses verified significant differences in gene expression [8]. All these main features of the human brain allow for higher cognitive functions, but also justify the need for a more adapted and adequate brain model to investigate the molecular and functional effects of radiation in various brain regions and cell types. Some of the disadvantages of the discussed models can be overcome by human brain organoids that will be discussed in the following chapter.




ORGANOIDS AS NOVEL IN VITRO TOOL FOR THE HUMAN BRAIN

In recent years, so-called brain or cerebral organoids, differentiated from human embryonic stem cells (hESCs) or patient-relevant induced pluripotent stem cells (iPSCs), came into focus as a novel in vitro tool in regenerative medicine/disease modeling [77], whereas the potential for radiation biology is not yet exploited. Organoids are 3D spontaneously self-organized, organ-like structures that are able to develop into various interdependent brain regions containing different organ-specific cell types arranged in distinct layers (Figure 2). In contrast to rodent models, these organoids exhibit several key features of the human in vivo brain organogenesis like an independent progenitor layer with the unique neural stem cells called outer radial glia. In addition, it has already been reported that animal models failed to recapitulate the symptoms of human neurological diseases, such as micro- and macrocephaly while human organoids have this ability. Therefore, they provide a novel predictive preclinical tool to investigate the detailed molecular mechanisms underlying congenital, cognitive diseases and the effects of potential neuro-therapeutics in functional human tissues [78]. Brain organoids thus provide the opportunity to model unique features of early human brain development, as well as human neurogenesis and neuro-regeneration [9, 79], and may allow a better understanding of the mechanisms underlying ionizing radiation-induced cognitive impairments and disease.


[image: Figure 2]
FIGURE 2. Immunocytochemical staining of a cerebral organoid slice showing human brain-like hierarchical organization with the radial glia marker PAX6 (Paired box 6, red) in the inner ventricular layer of the brain lobes. Nuclei stained with Hoechst 33342 (blue). Scale bar: 200 μm.


Mimicking in vivo patterning by supplementing external patterning factors, organoids of diverse functional brain regions, including organoids of the ventral forebrain [80, 81], midbrain [82, 83], hypothalamus [84], cerebellum [85], and pituitary [86] were generated in suspension. Culture conditions were improved by using spinning reactors and orbital shakers at moderate throw and speed, which provide enhanced nutrient and oxygen supply and culture time without causing adverse shear stress. Such sustained suspension culture leads to an enhanced differentiation process of neurons compared to those derived in 2D-monolayers and the formation of active neuronal networks [84, 87–89]. In addition, different region-specific spheroids, such as cortical spheroids of the dorsal and ventral forebrain, can be fused to generate so-called “assembloids” (Figure 3). Consequently, migration of interneurons and the interactions between different brain regions or different cell types can be tracked [90–93]. Other studies demonstrated the incorporation of microglia as the brains innate immune cells into the organoid-model [94, 95]. This allows investigating the effects of combined therapies, e.g., radio- and immunotherapy, on the human CNS. Another approach is the generation of brain tumors in normal organoids as a realistic microenvironment [96] that will permit a better understanding of tumor and normal tissue interaction in response to IR. Yet, radiobiological studies using brain organoids have not been published. However, brain organoids were recently implemented in ground-based experiments investigating the effects of microgravity on neural progenitor cell fate [97]. They showed an altered gene expression of rostral-caudal and cortical markers that may influence brain structure and physiology, indicating the usability of brain organoids in space radiation research to identify the mechanisms affecting brain function and, e.g., in the development of new shielding methods to protect the brain's neuronal circuits. In our own studies, we were able to reproducibly show radiation impacts such as apoptosis and necrosis changing the structure and composition of cerebral organoids (unpublished data).


[image: Figure 3]
FIGURE 3. Pluripotent, embryonic stem cell (ESCs) -based 2D-, 3D cell- and organoid systems as in vitro tools for studying the effects of ionizing radiation on the human brain.


But even if organoids currently are viewed as state-of-the-art in vitro models of the human brain, there are still challenges to be overcome. Because of the lack of endothelial cells and thus vascularization, organoids will develop a necrotic core and terminal maturation and differentiation is limited. Therefore, Giandomenico et al. [98] chose an alternative approach for an improved oxygen supply cultivating organoid slices at an air-liquid interface. These organoid slices demonstrated an increased survival rate and an extensive axon outgrowth reminiscent of nerve tracts. Another issue is the lack or scarcity of glial cell populations. A new differentiation approach uses more complex differentiation factors to generate mature oligodendrocytes in brain organoids [99]. Nevertheless, the batch variations and thus heterogeneity of the generated organoids still poses a problem for statistically significant and expressive results, although there are new methods for generating more homogeneous organoids by using microfilaments as floating scaffolds [100]. Despite these improvements, it is technically very challenging to obtain homogeneous batches and the organoids show statistical variabilities also seen in animal experiments; therefore, more sophisticated bioengineering techniques are presently explored. One approach is the use of 3D bio printing technologies to produce consistent scaffolds as a basis of organoid formation. A further challenge is the adaptation of standardized analytical protocols such as immunochemical staining procedures to 3D-brain organoids. In the same line, single-cell mRNA sequencing [88] techniques have been proven more meaningful than standard polymerase chain reactions (PCR). Despite these challenges, brain organoids represent a versatile model system allowing a variety of studies that will improve the understanding of radiation impacts on the human brain at any stage of development and regeneration.



IMPROVING PARTICLE THERAPY AND RADIATION RISK ASSESSMENT USING BRAIN ORGANOIDS AT STATE OF THE ART ACCELERATOR FACILITIES

New accelerators such as the Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany, that is to be completed in 2025, can produce heavy ion beams up to around 10 GeV/n as compared to 1 GeV/n with the current setting (reviewed in [101]). This is particularly relevant for ground-based studies of possible galactic cosmic radiation (GCR) effects, as part of the particle flux in the GCR exceeds 1 GeV/n [102]. However, very few studies to date have addressed high-energy ranges > 1 GeV/n. Meaningful risk assessment specifically of interplanetary missions therefore will rely on those state of the art accelerator facilities and brain organoids can serve as a high throughput biological risk model. While astronauts are subject to chronic irradiation, accelerator-based experiments normally use acute exposure due to beamtime constraints, even though long-term experiments are technically feasible. High beam intensities, delivered by facilities like FAIR, are also of interest for the use of ultra-high dose rate (FLASH) radiotherapy with protons or potentially heavy ions such as carbon. This experimental radiation modality can reduce neurotoxic effects in the healthy tissue by increasing the dose rate to ≥40 Gy/s. Even though the detailed mechanisms underlying the greater radioresistance are still unknown, acute oxygen depletion within the irradiated tissue or chromatin remodeling is discussed as possible cause for the increased effectiveness [103]. Here again, organoids serve as ideal models due to their innate oxygen gradient within their various layers from the hypoxic core to the normoxic outer layer of the cortical plate. An initial study of a first patient with subcutaneous T-cell lymphoma confirmed the benefits of FLASH radiation by demonstrating a complete response of the tumor and minimal normal tissue toxicities [104]. However, the remaining studies focus mainly on animal models, e.g. Montay-Gruel et al. [205] demonstrated that spatial memory of mice is preserved after 10 Gy FLASH-whole-brain irradiation with mean dose rates above 100 Gy/s, whereas 10 Gy whole-brain irradiation at a conventional dose rate (0.1 Gy/s) impairs spatial memory [105]. Due to the limited number of suitable accelerator facilities providing the necessary technology to perform FLASH irradiations [106] and the lack of suitable human biological models, studies regarding FLASH radiotherapy are rare and translation to the clinics remains a challenge. High throughput, organoid based studies could shed light on the molecular mechanisms of the observed effects, particularly the contribution of hypoxia, and overcome these challenges.

Of particular interest in radiation therapy is also the use of ions other than protons and carbon. Helium ions for instance are discussed to be more suitable than protons due to an improved RBE in the Bragg-Peak region and an improved oxygen enhancement ratio [107] and therefore may be especially beneficial for pediatric patients [108] in terms of long-term side effects particularly to the brain. Research accelerator facilities offer the possibility to test these rarely used ions and mixed ion modalities (proton, helium, oxygen, carbon) on their neurotoxic behavior and to ensure risk-free implementation into the clinics.

Another approach to improve radiotherapy outcome is the so-called spatially fractionated radiotherapy (SFRT), the inhomogeneous irradiation with a stack or grid of small radiation beams. Depending on the beam spot size, these are known as spatially fractionated mini- or microbeam SFRT. Photon SFRT with a spot size in the mm range was first introduced more than a century ago to reduce skin necrosis and is used clinically (in combination with conventional radiotherapy) for many years [109]. In contrast, microbeam SFRT is still in a pre-clinical stage. In animal models, extremely high doses of hundreds of Gy delivered by microbeam photon SFRT were tolerated well e.g., by rat brain [110] and spinal cord [111], raising hopes that spatially fractionated radiotherapy allows dose escalation and thus improved tumor control without severe normal tissue complications. Compared to photon SFRT, SFRT with protons, and potentially heavier accelerated ions, combines the advantages of SFRT and particle therapy (reviewed in [112]) and is well tolerated by brain tissue in a rat animal model [113]. Recent clinical proof-of-concept studies and constant technical improvements enable the transition of proton SFRT to clinical application [114–116]. Photon SFRT and especially proton or heavy ion SFRT have great therapeutic potential, allowing tumor dose escalation with good normal tissue tolerance. However, the biological mechanisms behind SFRT are not fully understood. In this rapidly developing field, human brain organoids, combining the advantages of a human brain architecture and a reliable in vitro system, can be a useful tool both in the exploration of new SFRT techniques as well as in the discovery of the biological mechanisms underlying SFRT.



CONCLUSION

Despite remaining challenges, brain organoids present the most realistic human in vitro brain model so far and have enormous potential to pave the way for new research findings in the field of radiation research. These model systems will allow meaningful research and improvements in the fields of cancer therapy (acute high dose exposure) and space radiation (chronic low dose exposure) protection while partly replacing and streamlining time-consuming and ethically controversial animal studies. Furthermore, in contrast to the clinical facilities, new research facilities such as FAIR offer the implementation of varying and more complex experimental designs due to more flexible changes in irradiation conditions. Combining both, state of the art biological models and state of the art accelerators will enable us to address issues in radiation biology in an unprecedented fashion.
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Xerays

7,30 Gy

X-rays
1,2,4,40 Gy

12G (9.8 MeV/u on target,

LET 170 MeV/J) 0.18-21.7 Gy
Xerays

4Gy

12G (50-mm-width SOBP, LET
range: 50-70 keV/urm) 4 Gy
y-rays

6.75-8.05Gy

whole bodv

Xerays

10Gy

bilateral hippocampus/cortex

Xerays
2,10Gy
brain

Xerays
2,5,10Gy
brain

Xerays
6Gy
whole brain IR

Xerays
25Gy
brain

Xerays
8,10, 13 Gy brain
%Fe (1 GeV/) 0.2, 0.4, 0.6 Gy

Fe (1 GeV/u)
156Gy

whole body IR
Fe (1 GeV/)
15Gy

brain

Fe (600 MeV/u, LET 175.2
keV/um at the target surface)
05-4Gy

brain

Fe (1 GeV/)

002Gy

brain

Fe (600 MeV/u)
0.1,0.2,05Gy

whole body IR

Protons (1GeV/u)

0-0.2Gy

whole body IR

Protons (250 MeV/u)
041,1Gy

whole body IR

Effects

Marked difference in the radiation response between lateral
ganglionic eminences (LGE) and dorsal telencephalon

Partioularly high apoptosis rate in SVZ cells of the LGE

Induction of G2/M and intra-S checkpoints within irraciated LGE, but
no effect on the p21-dependent G1/S

Restoration of the pool of proliferating radial glia cells and massive
cell death of intermediate progenitor cells 24 h post-IR

Reduced differentiation potential even for 2 and 5 Gy

1- 5 Gy: recluced cell numbers by more than three-fold

G2/M arrest after 5 Gy

Rapid induction of apoptosis after 5 Gy

Dose-dependent increase in oxidative stress

Cell area and neurite length decrease in MAP2+ neural cells
Increased number of y-H2AX nuclear foci

Altered gene expression profile at 72h

Dose-dependent growth inhibition
Dose-dependent increased apoptosis
12C-ions more effective than y-rays

Decteased growth rate

IR induced dose-dependent apoptosis in both cases (~90%), rarely
necrosis

72G-ions more effective than X-rays

=10 Gy: Reduction in viabilty up to 56% 48h post-IR, stronger
effect 7 days post-IR

« 48h post-IR: no strong statistically significant effect

7 days post-IR: reduction in viability up to 62 %

Dose-dependent reduced cell survival

Neurosphere cultures contain populations of cells with different
sensilivities to irradiation

Exposure to IR lead to dose-dependent rise in oxidative stress
Initial increase in spines and excitatory synapses followed by
decrease in spine/synapse density with altered spine dynamics
changes in synaptic structural plasticity

10- to 100-fold (child) reduction of hippocampal neurogenesis
(decreased generation of early DCX* neurons)

radiation-induced inflammation (two-fold more activated microglia)

Decreased cell number
Morphological changes
Increase in migration velocity of microglia

40 Gy blocked the normal proliferation

Dose- dependent DNA damage (double-strand breaks)

~ 50% inhibition of proliferation after 24 h

Increase in cell death

~ 40% inhibition of proliferation after 24 h, massive DNA-Gamage
« Increase in cell death after 2 Gy

IR led to worse long-term results in visual discrimination tests
suggesting relative deficiency in cognitive flexibiity

Hippocampal-dependent spatial learning and memory impairments
in the Bames maze

Reduction of hippocampal neurogenesis (reductions in prolfferation
and DOX* neurons in the SGZ)

Dose-dependent inhibition of neural precursor cell proliferation in the

hippocampus

Depletion of neural progenitor cells exposed to 10 Gy

97% reduction in newborn neurons.

No adverse effect on astrocytes or oligodendrocytes

Neuroinflammation (increase activated microglia)

* Dose-dependent increased apoptosis

Prolferating cels in SGZ reduced by 93-96%

Dose-dependent decrease of immature neurons up to 40-60 %

No effect on astrocytes or oligodendrocytes

Neuroinflammation (increase activated microgiia)

Long-term suppression of neurogenesis in offactory bulb and

dentate gyrus

No long-term rediuction of progenitor cells in SVZ, but marked

decrease in dentate gyrus

Only acute, but not persistent activation of microglia

+ Suppression of SVZ proliferation in neuroblasts and interneurons,

recovery in the olfactory bulb

Limited prolfferation of oligodendrocyte precursors (0-A2) followed

by demyelination

Restoration of endothelium

White matter necrosis

Early loss of young oligodendrocyte progenitors and delayed loss of

more mature oligodendrocytes lineage cells in human tissue

>10 Gy: Hippocampal spatial memory impairment evaluated by

Barnes maze

* = 0.2Gy Hippocampal spatial memory impairment (Barnes maze
test)

« Impaired spatial learning and memory tested in Morris water maze

Increase in reference memory errors negatively correlated with
proteins expression that play roles in cognition (PRKA,
synaptophysin, DCF of the striatum and synaptophysin of the frontal
cortex)

Dose-related decrease in hippocampal neurogenesis
Neuroinflammation (increase in numbers of newly born activated
microglia)

Significant impairments in learning and memory tested by the
attentional set-shifting test

Cognitive impairment in novel object recognition tested in Morris

water maze

« Cognitive effects not induced by oxidative damage

« > 0.1Gy decreased hippocampal cel proiferation

> 0.5 Gy decreased neurogenesis

« No astrocyte or microglia activation

* Dose-dependent reductions in denditic complexity (~33 %) and
spine density (50-75 %) along hippocampal neurons

« Dose-responsive reductions in neurons’ synaptophysin expression

“wt, wildtype; SOBP, Spread-Out Bragg Peak; 12C, carbon; $5Fe, iron; pa, particles.
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