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ABSTRACT  13 

Although radiotherapy (RT) improves prognosis of patients with brain cancer, it induces 14 

cognitive deficits. Animal models have been employed to address the underlying mechanisms 15 

of these radiation-induced deficits. Nonetheless, in most of the animal studies, whole-brain 16 

irradiation has been applied, deviating from the clinical practice, where the goal is to reduce 17 

the exposure of healthy brain tissue to radiation. In the present study, we analyzed in the rat 18 

the evolution of brain tissue injury and cognitive impairments induced by irradiation restricted 19 

to only one cerebral hemisphere, and systematically compared them to those observed after 20 

whole-brain irradiation. Rats were divided into control (CTL), whole-brain (WBI) and 21 

hemispheric-irradiated (HBI) groups. Multiparametric magnetic resonance imaging (MRI), 22 

behavioral tests and immunohistology were performed up to six-months following the 23 

irradiation (3x10Gy). Relative to WBI, more restricted irradiation did not induce significant 24 

locomotion impairment nor anxiety-like behavior; cognitive deficits and brain atrophy were also 25 

reduced after HBI compared to WBI. MRI revealed major alterations in the microstructure and 26 

the vasculature of brain tissue in only WBI rats. However, immunohistology analyses 27 

evidenced that HBI led to persistent neuroinflammation limited to the irradiated hemisphere, 28 

which seems to be more pronounced than WBI. Overall, the data highlight that restricted brain 29 

irradiation mitigates brain damage and induces less cognitive deficits as compared to whole-30 

brain irradiation. In the future, it is necessary to refine animal models using targeted cerebral 31 

irradiation to evaluate neuroprotective strategies. 32 

  33 
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INTRODUCTION 34 

Radiotherapy (RT) is an essential treatment for intracranial tumors. Although RT improves the 35 

prognosis of patients, it induces collateral damage that affects cognitive abilities and quality of 36 

life in long-surviving patients. As it concerns 50 to 90% of patients treated by RT, cognition 37 

deficits in cancer care is a major concern1–4. The adverse effects of brain RT have been divided 38 

into 3 categories based on the time of onset of the symptoms. First, the acute side effects 39 

(fatigue, nausea) occur during or shortly after RT and are usually reversible. Second, the early 40 

delayed effects (somnolence, cognitive deficits) are typically present within 1 to 6 months post-41 

RT. Last, the late delayed effects generally appear within months to years after RT with a 42 

progressive and irreversible cognitive decline that is often disabling4–6. These cognitive 43 

impairments include memory loss, deficits in attention and executive functions4,7. During the 44 

last decades, very substantial efforts have been made to reduce these cognitive deficits, by 45 

targeting solely the tumor area as much as possible and thus minimizing the exposure of 46 

healthy brain tissue to radiation. Thus, new RT techniques with better ballistic accuracy were 47 

developed and have been more used in clinical practice in the recent years8. Despite these 48 

technological advances, RT-associated cognitive deficits are still reported and unfortunately, 49 

there are no proven treatments or preventive strategies to reduce radiation toxicity in the brain9. 50 

Several studies based on the use of animal models have been published to analyze radiation-51 

induced brain injury and cognitive deficits as well as their underlying mechanisms 4,10,11. These 52 

studies suggest that brain exposure to radiation could induce vascular lesions, demyelination, 53 

inflammation, neurogenesis impairment and neurodegeneration. All these phenomena may 54 

explain cognitive dysfunctions12–14. Nonetheless, careful analysis of the literature shows that 55 

these animal studies are very heterogeneous in terms of animal species used, their ages and 56 

sexes as well as the dose of irradiation applied, which makes comparisons between studies 57 

very complicated to perform. Even more importantly, the vast majority of data derives from 58 

studies in which the whole brain was irradiated and one or few restricted time points of 59 

analyses were performed4,15. This clearly deviates from clinical reality and does not consider 60 
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all the possibilities of cerebral plasticity and inter-structure compensation that may take place 61 

following a focal irradiation-induced brain injury. Indeed, it is well known that a circumscribed 62 

lesion of brain tissue, as observed after a stroke, is accompanied by several mechanisms of 63 

cerebral plasticity, including inter-hemispheric compensation and formation of new 64 

connections between different structures. These mechanisms are thought to be involved in 65 

spontaneous functional recovery16–18. 66 

For many decades, radiation-based studies in laboratory animals mostly used irradiation 67 

protocols that do not conform to a single precise target. In fact, they have been limited by gross 68 

irradiation devices for clinical use. The latter deliver highly precise doses in human structures, 69 

but they entail larger dose uncertainties in the tiny structures of small animals. Indeed, animals 70 

are placed inside a uniform field and irradiated entirely; or partially by using body shielding 71 

limiting the targeted surface19,20. The recent technological improvement of preclinical irradiation 72 

devices offers the opportunity to researchers to extend their fields of investigations. Currently, 73 

image-guided small animal irradiators allow accurate targeting of the brain regions21,22. 74 

However, currently published preclinical studies on targeted irradiation are limited to irradiation 75 

of a small brain volume with a single very high dose (> 80 Gy) with the aim of mimicking 76 

hypofractionated stereotactic radiotherapy (SRT)23–27. Nonetheless, to date, intensity-77 

modulated radiotherapy (IMRT) remains the most frequently used RT technique in patients 78 

treated for brain tumors. Studies on animal models of cognitive impairments induced by 79 

irradiation of larger brain tissue volumes, as observed during IMRT, are fragmentary. It is 80 

therefore necessary to conduct longitudinal and multiparametric investigations in rodents to 81 

refine the radiation-induced brain injury models to mimic, as close as possible, the most 82 

prevalent RT treatments in patients. 83 

In the present study, using magnetic resonance imaging (MRI), behavioral tests and 84 

immunohistology, we systematically compared the effects of targeted brain irradiation and 85 

whole-brain irradiation on cognition and brain injury during a 6-month period. The first objective 86 

of this preclinical study is to provide experimental evidence for better neurocognitive 87 
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preservation after targeted irradiation, which is essential to support clinical data on the value 88 

of IMRT in reducing radiation-induced neurotoxicity. The second objective is to assess the 89 

impact of the irradiated hemisphere on the contralateral hemisphere to address the potential 90 

bystander effects and compensatory mechanisms that may take place following hemispheric 91 

brain irradiation.  92 

Summarizing, the principal conclusion of this study confirmed that targeted irradiation strongly 93 

reduces brain damage and induces less cognitive deficits as compared to whole-brain 94 

irradiation in the rat, up to 6 months post-irradiation since no later time points were tested. The 95 

second conclusion, based on MRI and immunohistology data, is the absence of targeted brain 96 

irradiation effects on the contralateral hemisphere. 97 

 98 

RESULTS  99 

Animals were randomly divided into 3 experimental groups: control (CTL), hemispheric-brain 100 

irradiation (HBI) and whole-brain irradiation (WBI). Behavioral tests, MRI and immunohistology 101 

were sequentially carried out as shown on Fig.1. These multiparametric analyses were 102 

performed longitudinally to get closer to the temporality of appearance of the symptoms 103 

described in patients: acute (just after brain irradiation until 2 weeks), early delayed (from 1 to 104 

3 months) and late delayed (around 6 months) effects. 105 

Validation of the irradiation paradigm 106 

Dosimetry. Following registration of dose deposition maps on T2-weighted images, the dose-107 

volume histograms (DVH) were calculated in different cerebral structures following WBI or HBI. 108 

The theoretical dose received by brain structures were quantified by a treatment planning 109 

system (TPS), and were confirmed by in vivo measurements of the actual deposited dose 110 

through the use of a scintillating fiber dosimeter (DosiRat)28. As presented in Fig.2a, the dose 111 

deposition maps confirmed that all brain structures, in the case of WBI, and all hemispheric 112 

structures, in the case of HBI received doses that were close to 10 Gy at each irradiation 113 
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fraction. The D50 values for HBI and WBI were between 9.7 and 10.5 Gy in the striatum, the 114 

hippocampus and the cortex of the irradiated hemispheres. However, as awaited, rats 115 

subjected to HBI received near-zero doses in the left spared hemisphere (Supplementary 116 

Fig.1).  117 

Irradiation-induced DNA damage. To ensure that the irradiation doses used were able to 118 

induce DNA damage, especially double-strand DNA breaks, brain sections were subjected to 119 

-H2AX staining at 2 hours after the third fraction of irradiation. HBI rats displayed an important 120 

number of -H2AX foci in the cortex of the right irradiated hemisphere compared to the left 121 

hemisphere and to non-irradiated control animals (Fig.2b and 2c). A similar pattern of 122 

expression of -H2AX was observed in the cortex of both hemispheres in rats that received 123 

WBI in comparison to control rats (Fig.2b and 2c). The subcortical structures (hippocampus, 124 

striatum) displayed similar patterns of irradiation-induced -H2AX expression (data not shown). 125 

Taken together, these data show that the irradiation protocols used in this study, either whole-126 

brain or hemispheric, deliver equivalent doses with expected DNA damage in the irradiated 127 

brain areas. 128 

 129 

Brain irradiation-induced body weight loss and death 130 

At the beginning of the study, all animals had similar body mass (Fig.3a). Throughout the 131 

protocol, HBI rats exhibited a similar weight gain as that of control rats. However, WBI animals 132 

showed a significant and persistent decrease of their body mass compared to controls and HBI 133 

rats (ANOVA with Fisher’s LSD tests, p<0.0001 at 6 months after irradiation) (Fig.3a).  134 

During the 6-month period, all rats subjected to HBI survived (Fig.3b). Nonetheless, in the WBI 135 

group, 2 animals died at 7 days and 110 days following the irradiation respectively, the mortality 136 

rate was 17 % (Fig.3b). These data show that, up to 6 months, targeted irradiation had no 137 

impact on mortality rate in comparison to whole-brain irradiation. 138 

  139 

Hemispheric or whole-brain irradiation-induced cognitive changes 140 
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Spatial learning and reference memory. During the learning phase of the Morris water maze 141 

(MWM) test, the total distance moved by the animals of the WBI group was higher in 142 

comparison to the control group at all time points (ANOVA with Fisher’s LSD tests, p<0.0001 143 

from 2 weeks to 5 months after irradiation) (Fig.4a). The rats subjected to HBI also traveled 144 

greater distances in the pool than non-irradiated control animals (ANOVA with Fisher’s LSD 145 

tests, p=0.0067 and p=0.0071 at 2 weeks and 5 months, respectively), but lesser than WBI 146 

animals (ANOVA with Fisher’s LSD tests, p=0.0043 and p=0.0383 at 2 weeks and 5 months, 147 

respectively). These findings suggest that HBI can alter learning capabilities, but to a lower 148 

extent in comparison to WBI. 149 

During the probe phase of the test, both HBI and WBI animals spent less time in the target 150 

quadrant compared to CTL animals at 2 weeks after the irradiation (ANOVA with Fisher’s LSD 151 

tests, p=0.0203 for HBI vs CTL and p=0.0254 for WBI vs CTL) (Fig.4b). Nevertheless, there 152 

were no differences between groups at the other time points studied. These data suggest that 153 

WBI and HBI alter the reference memory only at the acute phase. 154 

Working memory. In the novel object recognition (NOR) test, we observed that HBI induced 155 

a deficit in working memory only at 6 months following the irradiation (ANOVA with Fisher’s 156 

LSD tests, p=0.0248) (Fig.4c). In contrast, WBI rats showed reduced performances to 157 

recognize the novel object at the subacute and the chronic phases compared to non-irradiated 158 

rats (ANOVA with Fisher’s LSD tests, p=0.0027 and p<0.0001 at 3 and 6 months, respectively). 159 

These data show that unlike WBI, HBI preserves working memory, at least during the first 5 160 

months following the irradiation.  161 

Long-term associative memory. The rats were submitted to the passive avoidance test at 5- 162 

and 6-month post-irradiation. In the HBI group, the animals displayed the same performances 163 

as in the CTL group (Fig.4d). However, WBI rats showed a reduced latency time to enter the 164 

dark compartment relative to unirradiated rats (ANOVA with Fisher’s LSD tests, p<0.0001), 165 

which reflects a significant alteration of fear-based conditioned avoidance. These results 166 
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evidence that only WBI diminishes the long-term associative memory compared to HBI or non-167 

irradiated animals. 168 

Anxiety-like behavior. At 6 months following irradiation, WBI rats travelled a shorter distance 169 

in the open field (OF) and spent less time in its center compared to CTL animals (ANOVA with 170 

Fisher’s LSD tests, p=0.0318) (Fig.5a). However, in rats subjected to HBI, there was no 171 

significant difference in comparison to the CTL group for the different parameters measured in 172 

the OF. This suggests that targeted brain irradiation has no impact on anxiety-like behavior 173 

and locomotion of rats. 174 

In the elevated plus maze (EPM) test performed at 6 months post-irradiation, the rats subjected 175 

to WBI spent less time in the open arms compared to CTL and HBI rats (ANOVA with Fisher’s 176 

LSD tests, p=0.0240 for WBI vs CTL and p=0.0211 for WBI vs HBI) (Fig.5b). In contrast, there 177 

was no significant difference between HBI and CTL groups whatever the EPM arm evaluated. 178 

Taken together, these data indicate that WBI, but not HBI induces anxiety-like behavior. 179 

 180 

MRI analyses of targeted versus whole-brain irradiation-induced injury 181 

Gross brain structure. T2-weighted images did not show any hypo- or hyper-intensities at all 182 

the time points analyzed (Fig.6a and Supplementary Fig.2a). This indicates that neither HBI 183 

nor WBI induced visible macroscopic necrosis or edema. However, the quantification of the 184 

cerebral volume revealed that only WBI rats displayed a significant brain atrophy at 6 months 185 

following the irradiation (6%, ANOVA with Fisher’s LSD tests, p=0.0107) (Fig.6b). Compared 186 

to CTL group, HBI rats had a slight decrease in the whole brain volume (3%, ANOVA with 187 

Fisher’s LSD tests, p=0.1539). The data show that HBI, unlike WBI, induces less cerebral 188 

atrophy.  189 

Brain vascularization. The cerebral blood volume (CBV) was quantified by MRI in selected 190 

regions of interest (cortex, hippocampus, corpus callosum, striatum, thalamus) at 6 months 191 

after brain irradiation. Although irradiation was homogeneous throughout the brain and the 192 

right hemisphere in WBI and HBI rats respectively, the variations of CBV were distinct among 193 
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the structures analyzed (Fig.6c). Irrespective of the group considered, no change in CBV was 194 

noticed in the cortex and the striatum in the irradiated animals. However, we observed a 195 

decrease in CBV values in the hippocampus, the corpus callosum and the thalamus in WBI 196 

rats compared to CTL rats (ANOVA with Fisher’s LSD tests, p=0.0101 for the hippocampus, 197 

p=0.0669 for the corpus callosum and p=0.0337 for the thalamus). Interestingly, no alteration 198 

of CBV values was observed in HBI irrespective of the cerebral structure considered (Fig.6c). 199 

These results indicate that brain structures respond differently to irradiation and that the spatial 200 

extent of irradiation determines CBV changes in different structures.  201 

Furthermore, we analyzed the permeability of the blood-brain barrier (BBB) using dynamic 202 

contrast enhancement MRI (DCE-MRI) at 6 months post-irradiation (Fig.7a). Unlike T1-203 

weighted signal in the temporal muscles, no major T1 enhancement was observed over time 204 

in the brain (Fig.7b, 7c and 7d) (Supplementary Fig.2b). The time course of the T1-weighted 205 

signal was similar between control and irradiated animals (Fig.7b and 7c). Thus, these MRI 206 

data show that 6 months after irradiation, both HBI and WBI models did not display brain 207 

necrosis nor permeabilization of the BBB. 208 

Brain microstructure. To evaluate the brain microstructure and its integrity, diffusion MRI 209 

parameters were quantified in different brain areas. Mean diffusivity (MD), considered to be an 210 

indicator of edema and/or changes of cellularity, was not modified in the irradiated hemisphere 211 

in HBI animals relative to the control group (Fig.8) and to the non-irradiated hemisphere (data 212 

not shown), irrespective of the time point and the structure analyzed. However, in rats 213 

submitted to WBI, MD values showed a significant increase at 1 month (ANOVA with Fisher’s 214 

LSD tests, p=0.0462 for the hippocampus, p=0.0188 for the corpus callosum, p<0.0001 for the 215 

striatum and the thalamus) followed by a significant decrease at 3 and 6 months following the 216 

irradiation (ANOVA with Fisher’s LSD tests, p=0.0134 for the cortex, p=0.0474 for the 217 

hippocampus, p=0.0047 for the corpus callosum, p=0.0174 for the striatum and p=0.0358 for 218 

the thalamus). This pattern of irradiation-induced MD changes in WBI group was similar in all 219 

the analyzed brain regions in both irradiated hemispheres.  220 
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As for MD, radial diffusivity (RD) and axial diffusivity (AD) are putative indices of white matter 221 

integrity and cell organization in the gray matter. Generally, RD values were not significantly 222 

altered by hemispheric irradiation during all the time points analyzed, except in the cortex, 223 

corpus callosum and striatum at only 6 months after HBI (ANOVA with Fisher’s LSD tests, 224 

p=0.0183 for the cortex, p=0.0055 for the corpus callosum and p=0.0334 for the thalamus) 225 

(Supplementary Fig.3). Likewise, HBI rats had similar AD values as CTL rats for all time 226 

points and brain structures studied (Supplementary Fig.4). In contrast, rats subjected to WBI 227 

displayed more extensive and persistent alterations of RD and AD values in all the brain 228 

structures examined (Supplementary Fig.3 and Fig.4).  229 

Taken together, the diffusion MRI-derived data clearly shows that although WBI induces 230 

generalized and persistent microstructural brain damage, irradiation when restricted to a single 231 

hemisphere fails to cause major injury to the microstructure of the brain tissue in the rat.  232 

Immunohistology analyses of targeted versus whole-brain irradiation-induced cellular 233 

injury 234 

To get insights into how irradiation impacts brain tissue at the cellular level during the chronic 235 

phase (i.e., 6 months), immunohistochemistry analyses were performed to study microglia and 236 

astrocyte activation, white matter integrity, neurons and neural stem cells as well as endothelial 237 

cells. 238 

Microglia/macrophages. Based on Iba-1 staining, we observed microglia activation as 239 

evidenced by rounded shapes of cells in both WBI and HBI rats in comparison to CTL animals 240 

(Fig.9a). The quantification of the positive area and the cell number confirmed this observation 241 

(Fig.9b, 9c and Supplementary Fig.5a). Only in the cortex, we evidenced that HBI led to 242 

persistent microglial activation, which seems to be more pronounced than WBI (ANOVA with 243 

Fisher’s LSD tests, p=0.0136 for microglia area, p=0.0309 for microglia number) (Fig.9b). 244 

Furthermore, microglial activation after brain irradiation was confirmed by CD68 staining which 245 

is specific to macrophages and activated microglial cells both within the cortex and the 246 

hippocampus (Fig.9d). Although the results were not statistically significant between the 247 
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experimental groups due to inter-animal variability, we observed a trend to an increase in the 248 

area and the cell number of CD68-positive cells in irradiated rats compared to control rats 249 

(Fig.9e, 9f and Supplementary Fig.5b). Based on microglia/macrophages immunohistology, 250 

the neuroinflammation appeared to be more pronounced for rats subjected to WBI than HBI.  251 

Astrocytes. The area of GFAP-positive astrocytes as well as the cell number were significantly 252 

increased in the irradiated cortex of both HBI and WBI rats, compared to CTL animals (ANOVA 253 

with Fisher’s LSD tests, for astrocyte area: p=0.0003 WBI vs CTL and p=0.0001 HBI vs CTL) 254 

(ANOVA with Fisher’s LSD tests, for astrocyte number: p=0.0002 WBI vs CTL and p<0.0001 255 

HBI vs CTL) (Fig.10a, 10b and Supplementary Fig.5c). Similar trends of changes were 256 

observed in the hippocampus (Fig.10c). These data indicate that astrogliosis was still present 257 

at 6 months after WBI or HBI, and that radiation-induced reactive astrocytes sustain an 258 

inflammatory state in the brain tissue. 259 

White matter. The effects of whole-brain and targeted irradiation on white matter were 260 

assessed by myelin proteolipid protein (PLP) staining (Fig.10d). In HBI rats, no change in PLP 261 

staining was noticed in comparison to CTL rats (Fig.10e and Supplementary Fig.5d). 262 

However, WBI animals had a significantly reduced positive area as exemplified in the striatum 263 

compared with CTL and HBI animals (ANOVA with Fisher’s LSD tests, p=0.0418 WBI vs CTL 264 

and p=0.0104 WBI vs HBI). The data evidenced that demyelination is only present in WBI rats. 265 

Neurons and neural stem cells. We also investigated the irradiation effects on the neuronal 266 

compartment, using immunostaining of mature neurons with anti-NeuN antibody (Fig.11a) and 267 

neural stem cells (NSC) with anti-Sox2 antibody (Fig.11b). In the cortex, mature neurons and 268 

NSC were not altered by targeted or whole-brain irradiation. Indeed, the positive area and the 269 

cell number quantified from these two cell populations were similar between all animal groups 270 

(Fig.11c and 11d). However, in the hippocampus, the cell number of mature neurons 271 

increased (ANOVA with Fisher’s LSD tests, p=0.0242 WBI vs CTL and p=0.0041 HBI vs CTL), 272 

whereas NSC tended to decrease in both HBI and WBI rats compared to CTL rats (Fig.11e 273 

and 11f) (Supplementary Fig.6a and 6b). From these data, obtained only in the delayed 274 



12 
 

phase, it could be proposed that whole-brain and targeted irradiation activate hippocampal 275 

neurogenesis with stimulation of NSC in the early phase of irradiation which may lead later to 276 

the formation of new neurons in the hippocampus. 277 

Microvasculature. The vasculature and the permeability of the BBB were assessed, 278 

respectively, by staining a specific protein of rat endothelial cells (RECA-1) and a specific 279 

protein of tight junctions (ZO-1) in the cortex (Fig.12a) and the hippocampus (Fig.12b). As 280 

presented on Fig.12c, cortical vascularization was altered only after WBI since the vessel and 281 

tight junction areas were diminished only in WBI rats compared to CTL animals. Similar results 282 

were obtained for hippocampal vascularization (Fig.12d and Supplementary Fig.6c). 283 

Interestingly, both in the cortex and the hippocampus, we observed a significant reduction in 284 

the co-staining RECA-1/ZO-1 in only WBI rats compared to CTL rats (ANOVA with Fisher’s 285 

LSD tests, for cortex: p=0.0391 WBI vs CTL and for hippocampus: p=0.0128 WBI vs CTL), 286 

revealing BBB impairments (Fig.12c and 12d). All data evidence that, contrary to WBI, HBI 287 

does not impact the cerebral microvasculature.  288 

 289 

DISCUSSION 290 

RT is an important modality for cancer treatment and remains one of the most effective tools 291 

in curing cancer. Cognitive dysfunction is one of the late effects caused by cerebral 292 

radiotherapy4-7. During the last decades, very substantial efforts have been made to reduce 293 

these cognitive deficits and improve the patient’s quality of life, by targeting the tumor area as 294 

much as possible while minimizing the exposure of healthy brain tissue to radiation. Thus, new 295 

RT techniques with better ballistic accuracy were developed and are most commonly used in 296 

clinical practice these recent years29,30. Despite these technological advances, RT-associated 297 

cognitive deficits and brain injury are still reported in patients with brain metastases or primitive 298 

brain tumors6,31–33.  299 
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Animal models of radiation-induced brain injury are relevant to determine the therapeutic gain 300 

of targeted irradiation on cerebral radiotoxicity and to study the underlying mechanisms to 301 

develop strategies to protect non-tumoral tissue. However, the literature in radiobiology is 302 

mainly focused on WBI. The animal experiments have long been performed with clinical 303 

irradiators, that do not allow to perform focal irradiation. But the recent development  of 304 

irradiators dedicated to small animals offers the possibility of irradiating with several beams in 305 

different directions of space, modulating the beam intensities and having small size collimators 306 

more suitable for rodents21,34. Thus, it is now possible to assess the impact of focused 307 

irradiation on smaller brain volumes. 308 

In this context, the objective of our study is to develop a targeted brain irradiation model in the 309 

rat and to assess the effects of targeted brain irradiation on cognitive outcome and cerebral 310 

tissue integrity. Thus, we compared the effects of two fractionated irradiation paradigms, with 311 

the same dose of X-rays (30 Gy) in adult rats, namely HBI and WBI. In this study, only tumor-312 

free rats were used to avoid any confounding actions of the tumor. 313 

The effects of WBI paradigm observed in our model, in terms of cognition or cerebral tissue 314 

damage, are concordant with several previous reports4,6,10,35. However, we showed that HBI 315 

did not induce weight loss and mortality as compared to WBI. Similarly, relative to WBI, more 316 

restricted irradiation did not induce significant locomotion impairment nor anxiety-like 317 

behaviors. As expected, rats subjected to WBI had cognitive deficits both in short- and long-318 

term memory and learning abilities. Half-brain irradiation also led to learning disabilities, acute 319 

and transient reference memory deficits (only at 2 weeks post-HBI) and late working memory 320 

impairment (solely at 6 months after HBI). A slight brain atrophy was evidenced in HBI rats, 321 

but this was more pronounced after WBI. DTI-MRI and vascular MRI revealed major changes 322 

in the microstructure and the vasculature of brain tissue in WBI rats. Nonetheless, these 323 

changes were overall not found in HBI rats. As shown by immunohistochemistry, WBI induced 324 

persistent neuroinflammation, white matter disorganization, hippocampal neurogenesis 325 

modifications and vascularization damage, including BBB permeabilization, at 6 months after 326 



14 
 

irradiation. In contrast, HBI animals did not display these pathological mechanisms, except 327 

microglia activation and reactive astrogliosis that were limited to the irradiated hemisphere. All 328 

these data support that targeted brain irradiation strongly reduces brain damage and 329 

attenuates neurocognitive functions compared to WBI at least during the first 6 months.  330 

Although, it is difficult to compare our findings with those of the literature, because of 331 

differences in dose depositions, animal species, endpoints, techniques and times of analyses 332 

employed, the observation that partial brain irradiation did not substantially modify the brain 333 

structure or function was somewhat surprising and discordant with some published studies. 334 

Based on magnetic resonance spectroscopy (MRS), Chen and collaborators showed that a 335 

HBI with a single dose of 30 Gy was able to alter the microstructure of rat brain tissue. As an 336 

example, N-acetylaspartate (NAA) was significantly reduced in irradiated semi-brain in 337 

comparison to the contralateral hemisphere, reflecting neuronal loss36. Another study using 338 

MRS highlighted significantly higher choline, glutamate, lactate and taurine in irradiated hemi-339 

brain in adult rats after HBI37. Likewise, based on diffusion MRI, studies performed in rodents 340 

showed that targeted brain irradiation caused brain microstructure alterations sustained by MD 341 

decrease compared to the unirradiated hemisphere38. However, based on arterial spin labeling 342 

imaging (ASL), no significant blood perfusion changes was observed in the irradiated 343 

hemisphere at 5 Gy or 20 Gy in the mouse38. To further clarify the impacts of HBI on brain 344 

tissue, original imaging techniques such as functional MRI, connectivity analyses-based MRI 345 

or multimodal PET/MRI could be very relevant. 346 

The BBB disruption and hypoperfusion are considered to be the major risk factors that 347 

contribute to the initiation and the development of radiation-induced brain injury39,40. In our 348 

study, we evaluated BBB impairment using DCE-MRI performed only at the end of protocol. 349 

The results obtained in the cortex and the hippocampus showed no gadolinium leakage in the 350 

brain parenchyma after WBI or HBI at 6 months after irradiation. In parallel, we used another 351 

approach to investigate BBB permeabilization based on immunohistology of tight junctions on 352 

cerebral vessels. Based on the immunostaining of RECA-1 and ZO-1 proteins, we showed that 353 
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tight junction expression in the microvasculature was significantly reduced after WBI both in 354 

the cortex and the hippocampus, demonstrating that radiation induced BBB impairment at 6 355 

months after brain exposure to X-rays. However, ZO-1 expression was not reduced following 356 

half-brain irradiation. The divergence of available data on radiation-induced BBB alterations is 357 

not surprising as it could differ according to the methodological approaches used and the time 358 

points considered. A recent systematic review of clinical and preclinical studies on BBB 359 

permeability following radiotherapy showed that only 35% of the included clinical studies 360 

reported BBB disruption following RT, whereas preclinical studies showed BBB disruption in 361 

78% of the included investigations32. This systematic review underlines the importance of RT 362 

protocols, such as fractionation schemes, cumulative doses and time points studied on BBB 363 

integrity. The difference between clinical and preclinical studies could be explained in part by 364 

the methods to investigate BBB permeability as they are limited in patients to MRI measuring 365 

the enhancement/extravasation of gadolinium, PET (G8Ga-EDTA or 82Rb radiotracers) and 366 

liquid chromatography–mass spectrometry (LC-MS) on cerebrospinal fluid. By contrast, there 367 

are multiple techniques in animal models such as MRI, radioactive brain uptake, chemical brain 368 

uptake, immunohistochemistry, Evans blue extravasation, intravital microscopy32. The invasive 369 

methods (immunohistochemistry, Evans blue extravasation, intravital microscopy) showed 370 

brain irradiation-induced BBB permeabilization for doses < 30 Gy from a few hours and days 371 

up to several months later32,41–44. On the contrary, non-invasive methods as the gold standard 372 

in imaging is DCE-MRI are less sensitive, since doses radiation doses between 45 Gy and 100 373 

Gy are necessary to observe gadolinium leakage in the cerebral parenchyme32,45–47. Karger 374 

and colleagues demonstrated that a unique dose of 30 Gy was insufficient to detect T1-signal 375 

enhancement in the brain of rats at 19 months after irradiation. By contrast, a dose of 100 Gy 376 

induced BBB permeabilization detectable by DCE-MRI from 5 months46. 377 

Many preclinical studies have suggested that targeted brain irradiation causes cognitive 378 

decline but those were mainly conducted on juvenile animals. For example, irradiation 379 

targeting hippocampus during the postnatal stage in mice induced anxiety-like behavior, 380 
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memory deficits and impairments in hippocampal synaptic plasticity48–50. It is known that the 381 

effects of irradiation on the brain is age-dependent15,51, and also depends on sex in animal 382 

models52–54 as well as in humans55,56. Interestingly, partial brain irradiation performed in adult 383 

rodents has also been reported to induce cognitive decline when brain structures involved in 384 

neurogenesis, such as hippocampus or subventricular zone, were specifically targeted by X-385 

rays57,58. Nevertheless, in these studies, the targeted brain irradiation of specific structure was 386 

bilateral (both right- and left-brain structure). Therefore, the irradiated volume could be a major 387 

parameter which influences the brain response to HBI. In fact, it is well described that the 388 

irradiated brain volume, along with the irradiation dose and fractionation scheme, is a 389 

dependent parameter in radiation-induced brain injury both in humans and rodents56,59,60.  390 

Radiation-induced cerebral edema and necrosis have been observed in patients and most 391 

animal models, but these are dependent on the radiation dose and the time point studied. 392 

Some preclinical studies that were performed with high doses (80 to 100 Gy) on small volumes 393 

targeting specific brain structures have reported radiation-induced necrosis associated with 394 

cognitive deficits in adult rodents23–26. A similar finding was reported in the mouse after a single 395 

dose of 50 Gy44. In our study, we elected to submit rats to WBI or HBI with a dose of 30 Gy 396 

known to be insufficient to induce tissue necrosis10, as we confirmed with T2-weighted and T1-397 

weighted post-gadolinium MR images. In a mouse model of WBI with a single dose of 30 Gy, 398 

there was not occurrence of apparent brain edema or radiation necrosis from 1 day up to 2 399 

months after irradiation41. Furthermore, Boria and collaborators reported that mice that 400 

received 80 Gy in a single dose showed radiation-induced brain lesions, especially necrosis, 401 

dependent on the animal strain used61. 402 

Furthermore, by comparing HBI and WBI, the second objective of our study was to assess the 403 

impact of the irradiated hemisphere on the other brain hemisphere, and inversely, to address 404 

the potential bystander effects and compensatory mechanisms that may take place following 405 

HBI. Indeed, it is well known that a circumscribed lesion of brain tissue, as observed after 406 

stroke for example, is accompanied by several mechanisms of cerebral plasticity, including 407 
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inter-hemispheric compensation and formation of new connections between different 408 

structures. These mechanisms are thought to be involved in spontaneous functional 409 

recovery16–18. Our results showed no effect on the contralateral hemisphere, either by MRI or 410 

immunohistology. However, based on a stereotactic radiosurgery animal model in which highly 411 

focused X-ray beams (single dose of 10 Gy) were delivered to the hippocampus of athymic 412 

rats, Parihar and collaborators highlighted that stereotactic radiosurgery (SRS)-induced 413 

cognitive impairments were more difficult to demonstrate in animals subjected to unilateral 414 

hippocampal ablation compared to irradiation targeted both hippocampi or following whole-415 

brain irradiation. The authors attributed these findings to compensatory increases in 416 

hippocampal neurogenesis in the contralateral side27. Contrarily, another study in which young 417 

adult rats were irradiated with Gamma Knife® (10 Gy) directed to the left hippocampus and 418 

shaped to minimize irradiation revealed no effect of the focal irradiation on the right hemi-419 

brain23. Fan and colleagues observed that partial brain irradiation in juvenile mice induced a 420 

long-lasting impairment in neuroplasticity and microvessel network of the irradiated 421 

hippocampus, whereas the contralateral hippocampus remained unaffected50. Another study 422 

on juvenile mice demonstrated that radiation damage locally can have important off-target 423 

consequences, also called bystander effects, for brain development62. By modulating the brain 424 

structure irradiated, the researchers showed that irradiation of the anterior commissure had no 425 

impact on its volume nor on brain development compared to WBI. In contrast, HBI targeted to 426 

the olfactory bulbs or subventricular zone resulted in off-target volume reduction in the anterior 427 

commissure62. Moreover, although they are invasive methods, electrophysiology studies could 428 

be interesting to study excitability and synaptic plasticity. Indeed, studies in mouse models 429 

based on whole-cell recordings in hippocampal CA1 and prefrontal cortex showed that cranial 430 

irradiation impairs the intrinsic excitability and synaptic plasticity linked to cognitive deficits63,64. 431 

Our preclinical study presents some limitations that must be considered in the interpretation of 432 

the results and will have to be studied in future investigations. Firstly, the study was conducted 433 

on only male rats to avoid any heterogeneity that could be linked to variations in the hormonal 434 
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cycle of females. These variations may complicate the interpretation of the results of behavioral 435 

tests, especially those performed in a longitudinal manner. However, the sex is an important 436 

factor to be considered. Several studies have indeed reported that the sex of animals 437 

influences cranial irradiation-induced behavioral impairments and brain damage54,65–67. 438 

Therefore, for a translational relevance in brain and non-brain cancer patients treated by 439 

radiation therapy, it is important to confirm, in future experiments, these results in female 440 

animals. 441 

Secondly, our conclusions regarding the behavior analyses can be criticized for two main 442 

reasons: the use of a battery of tests performed on consecutive days and the repetitions of the 443 

tests on the same animals over time. As described in the literature, it is possible to combine 444 

tests in rodents, but precautions must be taken to minimize stress for the animals and avoid 445 

interactions between tests68. We therefore performed the behavioral tests in a specific order: 446 

OF, NOR, EPM, passive avoidance and MWM. In addition, to minimize any interaction between 447 

the tests, the rats were submitted to one evaluation per day with a period of 2 weeks. On the 448 

other hand, longitudinally analyses of behavior could lead to animal habituation to the tests as 449 

well as to re-test effects which can attenuate behavioral impairments induced by treatment. As 450 

reported in the literature, the inter-test interval time is critical to lessen the re-test effects. It is 451 

recommended to use 1 week for the NOR, 4 weeks for the MWM and EPM, 24 hours for 452 

passive avoidance test69. In our study, we have ensured that these time intervals were 453 

respected. Furthermore, we took special care when repeating the behavioral tests to minimize 454 

the habituation of the animals. For example, the object pairs used for the NOR have been 455 

completely changed for each time point. For the MWM, the location of the platform within the 456 

pool as well as the visual cues on the walls of the testing room were changed every time. 457 

Finally, our longitudinal study was performed up to 6 months after brain irradiation. This 458 

duration of experimental protocol was chosen to get closer to the temporality of appearance of 459 

the symptoms described by the patients: acute (just after brain irradiation until 2 weeks), early 460 

delayed (from 1 to 3 months) and late delayed (around 6 months) effects. Taken together, our 461 
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results showed that the targeted irradiation in the rat strongly reduced brain tissue damage 462 

and attenuated cognitive deficits as compared to WBI. It is important to stress that this 463 

conclusion only covers up to 6 months post-irradiation since no further time points were tested. 464 

Future studies at later time points (one year and beyond) may be relevant to determine whether 465 

HBI induces delayed effects. 466 

To conclude, through a systematic and longitudinal comparison with WBI, we highlighted that 467 

HBI mitigated brain tissue damage and attenuated neurocognitive deficits in adult rats up to 6 468 

months after irradiation compared to WBI. Considering the RT modalities used in patients with 469 

brain tumors, our animal model of targeted cerebral irradiation could be a great interest in 470 

refining the animal models of radiation-induced brain injury to be adapted to the cranial 471 

irradiation practiced in patients. Moreover, the use of an animal model based on targeted brain 472 

irradiation would be more relevant for the development and validation of neuroprotective 473 

strategies. 474 

 475 

METHODS 476 

Animals and experimental design 477 

The study was performed using 5-months-old male Wistar rats (Janvier Labs) and followed up 478 

to 6 months. Rats were housed in climate- and light-controlled conditions (temperature of 22-479 

24°C, 12/12-hour light/dark cycle). Animals were randomly divided into 3 experimental groups: 480 

control (CTL, n=16), hemispheric-brain irradiation (HBI, n=14) and whole-brain irradiation 481 

(WBI, n=12). These animal studies have been approved by the appropriate ethics committee 482 

and have therefore been performed in accordance with the ethical standards laid down in the 483 

1964 Declaration of Helsinki and its later amendments. Animal investigations performed in this 484 

study is in accordance with the current European directive (2010/63/EU). Ethical approval was 485 

obtained from the regional committee (CENOMEXA) and the French Ministère de 486 

l’Enseignement Supérieur, de la Recherche et de l’Innovation (APAFIS #24072). Behavioral 487 
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tests, magnetic resonance imaging (MRI) and immunohistology have been performed as 488 

shown on Fig.1.  489 

 490 

Brain irradiation procedures 491 

The irradiation was performed with X-RAD 225Cx, a small-animal irradiator associated to 492 

cone beam computed tomography (CBCT) for image-guidance (Precision X-ray, CYCERON). 493 

The protocols of irradiation were defined using a Treatment Planning System (TPS) based on 494 

SmART-Plan software70. To confirm the precision of TPS, the actual doses absorbed by the 495 

brain were measured by an in vivo dosimetry based on a scintillating fiber dosimeter, called 496 

DosiRat28. Moreover, dosimetry analyses were performed in the irradiator before beginning the 497 

animal study. The reference dose measurement was done using an ionization chamber 498 

(Farmer PTW 30013) calibrated in air kerma. Then, dose measurements in air and inside the 499 

brain of dead rats were performed using a scintillating fiber detector used by medical physicists 500 

for dosimetry verifications of clinical irradiators (Exradin W1 scintillator). From the theoretical 501 

dose fixed to 10 Gy for one irradiation fraction with TPS, we measured actual dose of 9.99 Gy 502 

for WBI and 9.88 Gy for HBI with scintillating fiber detector. The coefficient of variation between 503 

WBI and HBI protocols defined with same irradiation configuration (X-ray beam delivered from 504 

the top to the bottom of the head) was 1.16% which shows a negligible variation between the 505 

2 irradiation processes, since the measurement certainties are conventionally fixed at 5%.  506 

Rats were anesthetized with 2.5% isoflurane in 30% O2 / 70% N2O. To avoid any anesthesia 507 

bias, the CTL animals n=16) were anesthetized similarly as the irradiated ones. The whole-508 

brain (WBI, n=12) or right hemisphere of the brain (HBI, n=14) (except the cerebellum and 509 

olfactory bulbs) were irradiated using a circular collimator of Ø25 mm and Ø15 mm, 510 

respectively. A total dose of 30 Gy was delivered in 3 fractions (10 Gy per day during 3 511 

consecutive days at a dose rate of 3.3 Gy/min). In this study, the time day 0 (noted D0) 512 

corresponded to the last irradiation fraction with total dose delivered (Fig.1). The irradiation 513 

dose was chosen to have a translational relevance by ensuring that the pathophysiology 514 
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induced after cranial irradiation is relatively similar between rats and humans. Indeed, a 515 

minimum dose of 30 Gy is required in rats to induce vascular damage and demyelination 516 

without white matter necrosis10,71,72. Those phenomena are the main radiation-induced brain 517 

injuries associated to cognitive deficits in brain tumors patients treated by radiotherapy 518 

(RT)73,74.  519 

The X-ray beam characteristics were: voltage=225 kV, intensity=13 mA, energy=80 keV, 1mm 520 

Cu filter. The Source Skin Distance (SSD) was about 30 cm. It slightly varied between animals. 521 

Indeed, the positioning of the animal relative to the X-ray beam was precisely adapted by 522 

positioning the irradiation target on the entire brain or only the right hemisphere according to 523 

the CBCT-scan images obtained for each rat and each irradiation fraction. For information, the 524 

current small animal image-guided radiotherapy is based on the use of orthovoltage 525 

irradiator21,22. Although these preclinical irradiators are more suitable for studies of cerebral 526 

radiotoxicity in rodents, it is necessary to collimate the X-ray beam to precisely irradiate only 527 

the brain and to use a copper filter for only letting through hard X-rays and ensure optimal 528 

absorption of X-rays in brain depth.  529 

After the irradiation procedure and recovery from anesthesia, rats returned to their home 530 

cages. The animals were then monitored daily until the end of the study. 531 

 532 

Behavioral analyses 533 

All behavioral tests were performed and analyzed by the same experimenter according to the 534 

schedule presented on Fig.1. The randomization of animals was realized for each behavioral 535 

test and all time points, and all analyses were performed in a blind manner. A battery of 536 

behavioral tests was performed at 1 week, 2 weeks, 2 months, 3 months, 5 months and 6 537 

months after cerebral irradiation to assess memory, learning, locomotion and anxiety. The 538 

number of animals differed depending on the behavioral tests, the times studied and the 539 

experimental groups (CTL: nmax=15 – nmin=9 / HBI: nmax=14 – nmin=7 / WBI: nmax=11 – nmin=9). 540 

According to the time pointstudied after irradiation, the tests were performed in a specific order 541 
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to minimize the stress for the animals and avoid interactions between the tests: OF, NOR, 542 

EPM, passive avoidance and MWM. In addition, only one test was realized per day and they 543 

were spread over a period of 2 weeks. 544 

Novel Object Recognition. This test was performed to assess short-term working 545 

memory75,76. Briefly, 24 h before the test, each rat was allowed to familiarize itself with a 546 

rectangular 65x45x45 cm wooden dark OF during 10 min. On the testing day, the rat was 547 

placed in the OF and left 2 min to explore it, then 2 identical objects (familiar) were placed in 548 

the OF and the rat was allowed to explore them during 5 min. The animal was then placed 549 

back into his cage for 2 min. The objects were once again cleaned and one was placed back 550 

(familiar) with a new one (novel). The rat was again placed in the OF and left to explore the 551 

two objects within 5 min. To avoid habituation of animals to test repetition during the 552 

experimental protocol, the object pairs used have been completely changed for each time 553 

studied after irradiation. From the videos acquired during all phases of the test, the exploration 554 

time for each object was determined by a posteriori analysis and realized manually. The 555 

recognition Index (RI) was calculated as the ratio between the time spent exploring the novel 556 

object and the time spent exploring both objects. 557 

Morris Water Maze. This task was used to assess spatial learning and reference memory 558 

according to the standard protocol77. Briefly, rats were tested in a circular pool filled with 559 

opaque water. The training phase was performed during 4 successive days, in which a platform 560 

was hidden underwater. The rats were required to find the submerged platform within 90 sec, 561 

using visual cues on the walls of the testing room, and all the rats performed 4 successive 562 

trials per day. To evaluate spatial learning, the distance traveled to find the platform was 563 

measured. The probe test was made at day 5: the platform was removed and the rats were 564 

allowed to swim freely for 60 sec. To avoid habituation of animals to the test repetition during 565 

the experimental protocol, the location of the platform within the pool as well as the visual cues 566 

on the walls of the testing room were changed every time. The time spent in the target quadrant 567 
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was measured. Data were recorded using the video-tracking software VideoTrack (Viewpoint) 568 

and automatically analyzed using EthoVision XT-14 software (Noldus). 569 

Passive Avoidance. The fear-motivated test was used to assess fear-based conditioned 570 

avoidance long-term associative memory78. The apparatus is composed of a 2-compartment 571 

box: a lighted compartment connected to a smaller dark compartment by a door (Bioseb). At 572 

the beginning of the test, each rat was placed in the lightened compartment for 30 sec, then 573 

the door was automatically opened, and as soon as the animal entered the dark compartment, 574 

it received an electrical foot shock (0.6 mA during 1 sec). The rat was then placed back to its 575 

cage until the retention trial performed 24 h after acquisition phase. The acquisition and 576 

retention phases were carried out at 11 days before the irradiation whereas only the retention 577 

trial was performed after the irradiation. The latency time for entering the dark compartment 578 

was measured. From the videos acquired during the test, the latency time was determined by 579 

a posteriori analysis and realized manually. 580 

Open field. Anxiety-like behavior and locomotion were evaluated by the OF task using a 581 

1x1x0.6 m white square box79. For 10 minutes, rats were always placed in the lower left corner 582 

of the apparatus. The time spent in the center, in the periphery and the total distance moved 583 

by the animals were automatically quantified by the video-tracking software VideoTrack 584 

(Viewpoint) and a posteriori analyzed using EthoVision XT-14 software (Noldus). 585 

Elevated-Plus Maze. This test was used to assess anxiety-like behaviors80. The apparatus is 586 

a cross-shaped platform constituted of 4 arms81. Briefly, the 2 opposite arms were enclosed 587 

by side and end walls and the 2 other opposite arms were open. The connecting open center 588 

allows the rat to move from one arm to another. The animals, while being filmed, were allowed 589 

to explore freely during 5 min. The videos were automatically analyzed using the video-tracking 590 

EthoVision XT-14 software (Noldus) to measure the time spent in the center, open and closed 591 

arms.  592 

 593 

Magnetic resonance imaging 594 
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Multiparametric cerebral MRI was realized at 1 month, 3 months and 6 months after irradiation 595 

to non-invasive investigate the brain macrostructure, the microstructure integrity and the brain 596 

vascularization. Imaging studies were always done after the behavioral tests to avoid bias 597 

related to the gas anesthesia required for MRI acquisitions. The number of animals for MRI 598 

was the same for all times studied as indicated below: CTL: n=9, HBI: n=11 and WBI: n=10. 599 

The randomization of animals was realized for each imaging time point and all analyses were 600 

blindly performed. 601 

MRI examinations. MRI (7-Tesla PharmaScan®, Bruker BioSpin, CYCERON) was performed 602 

at different time points. Rats were anesthetized with 2% isoflurane in 30% O2 / 70% N2O. Their 603 

respiratory rate was monitored and their body temperature was maintained around 37 °C. The 604 

following sequences were acquired: (1) T2-weighted RARE imaging: factor RARE = 4, TR/TEeff 605 

= 5000/30 ms, average = 1, repetitions = 2, 64 contiguous slices, spatial resolution = 0.125 x 606 

0.125 x 0.5 mm3; acquisition time = 8 min; (2) DTI imaging: TR/TE = 2192/37 ms, 30 directions 607 

and 2 b-values = 0 and 1000 s/mm2, A0 images = 5, average = 1, repetitions = 3, 32 contiguous 608 

slices, spatial resolution = 0.167x 0.167 x 1 mm3; acquisition time = 15 min; (3) T2star EPI 609 

acquisitions: TR/TE = 20000/13 ms, average = 1, repetition = 6, 32 contiguous slices, spatial 610 

resolution = 0.290 x 0.290 x 1 mm3; acquisition time = 2 min and (4) Dynamic contrast 611 

enhanced (DCE)-MRI with multiple T1-weighted imaging from SE sequence: TR/TE = 203/3.5 612 

ms, average = 1, repetitions = 12, interval repetition = 45 s, 24 contiguous slices, spatial 613 

resolution = 0.167 x 0.167 x 1.5 mm3; acquisition time = 8 min. T2 star were acquired before 614 

and 4 min after P904 contrast agent injection (Chematech; 200 µmol/kg). For DCE-MRI, after 615 

the acquisition of 2 baseline T1-weighted (T1w) images, a bolus of gadolinium (Dotarem®; 200 616 

µmol/kg) was injected through the tail vein. 617 

From Paravision 6.0 software, the following diffusion images were reconstructed: mean 618 

diffusivity (MD) = (λ1+λ2+λ3)/3; axial diffusivity (AD) = λ1 and radial diffusivity (RD) = (λ2+λ3)/2. 619 

Cerebral blood volume (CBV) maps were generated using a homemade macro from ImageJ 620 

software82 and determined by the Steady-State method as previously described83. 621 
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MRI analyses. From T2-weighted images, brain was subsequently masked using the 622 

BrainSuite software84 and then the total brain volume was quantified with the ImageJ software 623 

as previously detailed85. 624 

The first step for processing DTI or T2star images consisted in registering the A0 images of 625 

each animal on a homemade template using the Advanced Normalization Tools (ANTs)86. After 626 

the registration by non-linear transformation, the transformation matrix obtained for each rat 627 

was applied to the different diffusion parameter maps studied (MD, AD and RD) or CBV maps. 628 

DCE-MRI was used to estimate vascular permeability by measuring gadolinium leakage 629 

through the blood-brain barrier (BBB). Time-course curves of T1-weighted signal were 630 

extracted in the cortex, the hippocampus and the temporal muscles using ImageJ software. 631 

The T1-signal enhancement for each animal was quantified by a normalization of the signal 632 

relative to the first acquisition without gadolinium. 633 

 634 

Immunohistochemistry  635 

Two hours or six months post-irradiation, rats received 0.05 mg/Kg of buprenorphine 636 

(Buprécare®, Axience, sc) 30 min before being deeply anesthetized with 5% isoflurane in 30% 637 

O2 and 70% N2O. The animals underwent a transcardiac perfusion with cold heparinized saline 638 

solution and the brains were immediately removed and immersed in a paraformaldehyde 639 

solution (PFA 4%) during 24 h. Coronal sections (30 µm) were cut using a freezing microtome. 640 

Immunohistology analyses were performed 2 hours after the last fraction of irradiation to 641 

investigate DNA damage, and at the end of experimental protocol (i.e., 6 months after 642 

irradiation) to study the different cerebral cell populations. Each immunostaining was blindly 643 

performed on 3 rats for each experimental group. 644 

Several primary antibodies were used to characterize DNA double-strand breaks with γ-H2Ax 645 

(1:200; 2577S; Cell Signaling), microglia with ionized calcium-binding adaptor molecule 1 (Iba-646 

1) (1:100; ab5076; Abcam), macrophages with cluster of differentiation 68 (CD68) (1:100; 647 

MAB1435; Merck), astrocytes with glial fibrillary acidic protein (GFAP) (1:500; Z0334; Dako), 648 
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white-matter with myelin proteolipid protein (PLP) (1:500; ab28486; Abcam), neurons with 649 

neuronal nuclei (NeuN) (1:500; MAB377, Merck), neural stem cells with sex determining region 650 

Y-box 2 (Sox2) (1:1000; ab97959; Abcam), vessels with rat endothelial cell antigen-1 (RECA-651 

1) (1:100; MCA970R; Bio-rad) and endothelial tight junctions with zonula occludens-1 (ZO-1) 652 

(1:100; 402200; Invitrogen). Before staining, non-specific binding sites were blocked with 3% 653 

of bovine serum albumin (BSA) with 0.1% Tween / 0.5% Triton in PBS solution for 2h at room 654 

temperature. The brain slices were then incubated with primary antibodies in 1% BSA / 0.1% 655 

Tween / 0.5% Triton in PBS at 4°C overnight. The staining was revealed by a fluorochrome-656 

conjugated secondary antibodies Alexa Fluor 488 and 555 (1:500; Abcam) co-incubated with 657 

Hoechst 33342 (1:1000; Sigma-Aldrich®) for nuclei staining. Brain sections were examined 658 

with a Leica DMi8 microscope and images were separately acquired in right (ipsilateral) and 659 

left (contralateral) hemispheres.  660 

All immunostainings were blindly quantified from ImageJ software. Briefly, a threshold 661 

determined from fluorescence intensity was fixed to obtained mask of each image, and next 662 

the positive area and cell number were quantified with ImageJ macro “Analyze particle”. 663 

 664 

Statistical analyses 665 

All data are presented as mean + standard deviation (SD). Statistical analyses, one-way or 666 

two-way ANOVA followed with LSD Fisher’s post-hoc, were performed with GraphPad Prism® 667 

software (version 9.3.1.471). The number of animals in each experiment is stated in the 668 

corresponding figure legend. 669 

 670 

Data availability 671 

The data from this study are tabulated in the main paper and supplementary materials. The 672 

research data are stored in an institutional repository and will be shared upon reasonable 673 

request to the corresponding author. 674 

 675 
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Reporting summary.  Further information on research design is available in the Nature 676 

Portfolio Reporting Summary linked to this article. 677 
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 931 

Figure 1| Experimental design. Timeline illustration of the 6-month study protocol (D: day; 932 

W: week; M: month) and the corresponding phases of adverse effects of brain irradiation, 933 

mimicking the temporal evolution of symptoms in humans (acute; early delayed; late delayed). 934 

Each rat was subjected to a fractioned whole-brain (WBI) or hemispheric-brain irradiation (HBI) 935 

on 3 consecutive days for a total dose of 30 Gy. Then, behavioral tests (PA: passive avoidance; 936 

NOR: novel object recognition; MWM: Morris water maze; EPM: elevated plus maze; OF: open 937 

field) and MRI (magnetic resonance imaging: T2-weighted imaging -T2w; diffusion tensor 938 

imaging - DTI, dynamic contrast enhancement imaging – DCE-MRI from T1-weighted imaging 939 

with gadolinium contrast agent) sessions were performed. The behavioral tests and MRI were 940 

sequentially realized at different times after brain irradiation (from 1 week up to 6 months). The 941 

different behavioral tests and MRI acquisitions were performed in the order mentioned from 942 

bottom to top of the figure. At 2 h after the last irradiation or at the end of experimental protocol, 943 

the brains were harvested and processed for immunohistochemistry analyses (IHC). 944 
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 945 

Figure 2| Dose-volume histograms and irradiation-induced acute DNA damage. Dose-946 

volume histograms (DVH) and dose deposition maps were generated using a treatment 947 

planning system (TPS) in hemispheric and whole-brain irradiation groups (HBI and WBI, 948 

respectively) following a 10 Gy fraction. (a) DVH obtained in the right hemisphere (irradiated 949 

hemisphere in the 2 groups). Inset: dose deposition maps and D50 values delivered to 950 

striatum, hippocampus and cortex. (b - c) Irradiation-induced DNA damage was evaluated 2 951 

hours after the end of the irradiation after WBI or HBI by immunostaining of -H2AX protein 952 

(red), a specific marker of DNA double-strand breaks. Representative images of -H2AX foci 953 

in the cortex of CTL, HBI and WBI animals: (b) in the left hemisphere and (c) in the right 954 

hemisphere. In HBI rats, only the right hemisphere received irradiation. Cell nuclei were stained 955 

with Hoechst 33342 (blue). Images were acquired under x20 magnification (scale bar = 100 956 

µm) and zoom inserts were added (scale bar = 100 µm). 957 

 958 

Figure 3| Body weight follow-up and survival rate. (a) Evolution of mean body weight over 959 

time in each experimental group after brain irradiation: non-irradiated rats (CTL: full line, n=16), 960 

rats submitted to right hemispheric brain irradiation (HBI: dot line, n=14) or whole-brain 961 

irradiation (WBI: dash line, n=10-12). Mean + SD; two-way ANOVA followed by Fisher’s LSD 962 

test: * p < 0.05, *** p < 0.001, **** p < 0.0001 for WBI vs CTL or HBI. (b) Impact of brain 963 

irradiation on survival in each experimental group: non-irradiated rats (CTL: full line, n=16), 964 

rats submitted to right hemispheric brain irradiation (HBI: dot line, n=14) or whole-brain 965 

irradiation (WBI: dash line, n=12). From Kaplan-Meier curves, the statistical analyses were 966 

based on a log-rank test. 967 

 968 

Figure 4| Learning and memory performances. (a) Spatial learning was evaluated using the 969 

Morris water maze. The distance moved by the animals in the pool before finding the hidden 970 

platform was quantified. (b) For reference memory based on Morris water maze, the 971 

cumulative duration in the target quadrant during the probe test was measured. Non-irradiated 972 
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control rats (CTL: white, n=15-16), rats submitted to right hemispheric brain irradiation (HBI: 973 

gray, n=13-14) or whole-brain irradiation (WBI: black, n=10-11). (c) From the novel object 974 

recognition test, the working memory was evaluated by assessing the recognition index: non-975 

irradiated rats (CTL: white, n=11-15), rats submitted to right hemispheric brain irradiation (HBI: 976 

gray, n=7-14) or whole-brain irradiation (WBI: black, n=9-11). (d) Using the passive avoidance 977 

test, long-term memory was estimated by the latency for the rats to enter the small dark 978 

compartment. Non-irradiated rats (CTL: white, n=9), rats submitted to right hemispheric brain 979 

irradiation (HBI: gray, n=11) or whole-brain irradiation (WBI: black, n=10). The times of the 980 

experiments are represented as W = week and M = month. Mean + SD; two-way ANOVA 981 

followed by Fisher’s LSD test: * p < 0.05, ** p < 0.01, **** p < 0.0001. 982 

 983 

Figure 5| Locomotor and anxiety-like behaviors. (a) The anxiety-like behavior was 984 

evaluated by the total time spent by the rat in the center and in the periphery of the open field. 985 

The total distance moved was measured to study the locomotor abilities of animals. (b) The 986 

anxiety-like behavior of the animals was evaluated by the time spent by the rats in the center, 987 

open arms and closed arms of the elevated plus maze apparatus. The tasks were performed 988 

at 6 months post-irradiation (M6). Non-irradiated rats (CTL: white, n=4), rats submitted to right 989 

hemispheric brain irradiation (HBI: gray, n=5) or whole-brain irradiation (WBI: black, n=9). 990 

Mean + SD; one-way ANOVA followed by Fisher’s LSD test:  * p < 0.05, ** p < 0.01, *** p < 991 

0.001. 992 

 993 

Figure 6| MRI analyses of brain macrostructure and vasculature. (a) Representative T2-994 

weighted images acquired at 6 months in non-irradiated group (CTL), hemispheric brain 995 

irradiation (HBI) or whole-brain irradiation (WBI). (b) From these anatomical images, the whole 996 

brain volume was quantified in control group (CTL: white, n=9), and after hemispheric brain 997 

irradiation (HBI: gray, n=11) or whole-brain irradiation (WBI: black, n=10). Mean + SD; one-998 

way ANOVA followed by Fisher’s LSD test: * p < 0.05. (c) Quantitative values of cerebral blood 999 

volume (CBV) at 6 months post-irradiation in the right hemisphere and left hemisphere in 5 1000 
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regions of interest (i.e. cortex, hippocampus, corpus callosum, striatum and thalamus) in non-1001 

irradiated rats (CTL: white, n=9), rats submitted to right hemispheric brain irradiation (HBI: 1002 

gray, n=11) or whole-brain irradiation (WBI: black, n=10). Mean + SD; one-way ANOVA 1003 

followed by Fisher’s LSD test: * p < 0.05, ** p < 0.01.  1004 

 1005 

Figure 7| Evaluation of blood-brain barrier permeabilization by dynamic contrast 1006 

enhancement imaging (DCE-MRI). (a) Representative T1-weighted images acquired after 1007 

intravenous injection of gadolinium. The images were obtained at 6 months in non-irradiated 1008 

group (CTL), hemispheric brain irradiation (HBI) or whole-brain irradiation (WBI). b-d, Time-1009 

course curves of T1-weighted signal were extracted (b) in the cortex, (c) the hippocampus and 1010 

(d) the temporal muscles. The T1 signal enhancement for each animal was quantified by a 1011 

normalization of the signal relative to the images acquired before gadolinium administration. 1012 

Non-irradiated rats (CTL: white, n=9), rats submitted to right hemispheric brain irradiation (HBI: 1013 

gray, n=11) or whole-brain irradiation (WBI: black, n=10). Mean + SD; repeated ANOVA 1014 

followed by Fisher’s LSD test: * p < 0.05 WBI versus CTL, ££ p<0.01 HBI versus CTL, # p < 1015 

0.05 and ## p<0.01 WBI versus HBI. 1016 

 1017 

Figure 8| Assessment of brain microstructure evolution following hemispheric or whole-1018 

brain irradiation by mean diffusivity (MD). Quantitative representation of MD values in the 1019 

right hemisphere in 5 regions of interest (i.e. cortex, hippocampus, corpus callosum, striatum 1020 

and thalamus) at 1, 3- and 6-months post-irradiation. MD values were measured for non-1021 

irradiated rats (CTL: white, n=9), rats submitted to right hemispheric brain irradiation (HBI: 1022 

gray, n=10-11) or whole-brain irradiation (WBI: black, n=8-10). Mean + SD, two-way ANOVA 1023 

followed by Fisher’s LSD test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 1024 

 1025 

Figure 9| Effects of hemispheric or whole-brain irradiation on microglia activation. (a) 1026 

Representative photographs of Iba1 immunostaining (microglial cells, in green) in the cortex 1027 

and the hippocampus in the right hemisphere of non-irradiated (CTL group), only right 1028 
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hemisphere irradiated (HBI group) and whole-brain irradiated (WBI) rats. b-c, Quantification of 1029 

the total area marked by Iba1 positive cells relative to total area of images and number of 1030 

positive cells is shown as histograms in (b) the cortex and (c) the hippocampus. (d) CD68 1031 

immunoreactivity revealing microglia activation: representative photographs of the CD68 1032 

immunostaining (macrophages cells, in red) in the cortex and the hippocampus in the right 1033 

hemisphere of non-irradiated (CTL group), only right hemisphere irradiated (HBI group) and 1034 

whole-brain irradiated (WBI) rats. e-f, Quantification of the total area marked by CD68 positive 1035 

cells relative to total area of images and number of positive cells is shown as histograms in (e) 1036 

the cortex and (f) the hippocampus. All images were acquired under x 20 magnification (n=3 1037 

rats for each experimental group; scale bar = 200 µm; insert scale bar = 50 µm). Mean + SD, 1038 

one-way ANOVA followed by Fisher’s LSD test: * p < 0.05, ** p < 0.01. 1039 

 1040 

Figure 10| Effects of hemispheric or whole-brain irradiation on astrogliosis and white 1041 

matter. (a) GFAP immunoreactivity of reactive astrocytes: representative photographs of 1042 

GFAP immunostaining (astrocytes, in green) in the cortex and the hippocampus in the right 1043 

hemisphere of non-irradiated (CTL group), only right hemisphere irradiated (HBI group) and 1044 

whole-brain irradiated (WBI) rats. b-c, Quantification of the total area marked by GFAP positive 1045 

cells relative to total area of images and number of positive cells is shown as histograms in (b) 1046 

the cortex and (c) the hippocampus. Images were acquired under x 20 magnification (n=3 rats 1047 

for each experimental group; scale bar = 200 µm; insert scale bar = 50 µm). (d) Myelin PLP 1048 

immunoreactivity of white matter: representative photographs of the PLP immunostaining 1049 

(myelin of white matter, in red) of the striatum in the right hemisphere of non-irradiated (CTL 1050 

group), only right hemisphere irradiated (HBI group) and whole-brain irradiated (WBI) rats. (e) 1051 

Quantification of the total area marked by PLP positive cells relative to total area of images is 1052 

shown. Images were acquired under x 10 magnification (n=3 rats for each experimental group; 1053 

scale bar = 200 µm; insert scale bar = 50 µm). Mean + SD, one-way ANOVA followed by 1054 

Fisher’s LSD test: * p < 0.05, ** p < 0.01, ** p < 0.001, ** p < 0.0001. 1055 
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 1056 

Figure 11| Effects of hemispheric or whole-brain irradiation on mature neurons and 1057 

neural stem cells. (a) NeuN immunoreactivity of neurons: representative photographs of 1058 

NeuN immunostaining (mature neurons cells, in green) in the cortex and the hippocampus in 1059 

the right hemisphere of non-irradiated (CTL group), only right hemisphere irradiated (HBI 1060 

group) and whole-brain irradiated (WBI) rats. (b) Sox2 immunoreactivity revealing neural stem 1061 

cells (NSC): representative photographs of the Sox2 immunostaining (NSC, in red) in the 1062 

cortex and the hippocampus in the right hemisphere of non-irradiated (CTL group), only right 1063 

hemisphere irradiated (HBI group) and whole-brain irradiated (WBI) rats. c-d, Quantification of 1064 

the total area marked by (c) NeuN positive cells or (d) Sox2 positive cells relative to total area 1065 

of images and number of positive cells in the cortex. e-f, Quantification of the total area marked 1066 

by (e) NeuN positive cells or (f) Sox2 positive cells relative to total area of images and number 1067 

of positive cells in the hippocampus. All images were acquired under x 20 magnification (n=3 1068 

rats for each experimental group; scale bar = 200 µm; insert scale bar = 50 µm). Mean + SD, 1069 

one-way ANOVA followed by Fisher’s LSD test: * p < 0.05, ** p < 0.01. 1070 

 1071 

Figure 12: Effects of hemispheric or whole-brain irradiation on vessels and BBB 1072 

integrity. a-b, Representative photographs of RECA-1 (endothelial cells, in green) and ZO-1 1073 

(tight junctions, in red) immunostainings and merged images (RECA-1/ZO-1 superposition, in 1074 

yellow) in (a) the cortex and (b) the hippocampus in the right hemisphere of non-irradiated 1075 

(CTL group), only right hemisphere irradiated (HBI group) and whole-brain irradiated (WBI) 1076 

rats. c-d, Quantification of the positive area marked by RECA-1 relative to total area of images 1077 

corresponding to vessel area, the positive area marked by ZO-1 relative to total area of images 1078 

corresponding to tight junction area and the positive ZO-1 staining in vessels. Quantifications 1079 

are presented as histograms in (c) the cortex and (d) the hippocampus. All images were 1080 

acquired under x 10 magnification (n=3 rats for each experimental group; scale bar = 200 µm; 1081 

insert scale bar = 50 µm). Mean + SD, one-way ANOVA followed by Fisher’s LSD test: * p < 1082 

0.05, ** p < 0.01. 1083 
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Supplementary Figure 1: Dosimetry analyses in the left hemisphere. Dose-volume histograms (DVH) and dose
deposition maps were generated through the use of a treatment planning system (TPS) in hemispheric and
whole-brain irradiation groups (HBI and WBI, respectively) following a 10 Gy fraction. DVH obtained in the left
hemisphere (irradiated hemisphere for WBI group and nonirradiated hemisphere for HBI group). Inset: dose
deposition maps and D50 values delivered to the striatum, the hippocampus and the cortex.

Supplementary Figure 1



Supplementary Figure 2

Supplementary Figure 2: Qualitative evaluation of brain edema and necrosis. (a) Representative T2-weighted
(T2w) images of the whole brain acquired at 6 months in non-irradiated group (CTL), hemispheric brain
irradiation (HBI) or whole-brain irradiation (WBI). (b) Representative T1-weighted (T1w) post-gadolinium
images of the whole brain acquired at 6 months in CTL, HBI or WBI groups.



Supplementary Figure 3: Assessment of brain microstructure evolution following hemispheric or whole-
brain irradiation by radial diffusivity (RD). Quantitative representation of RD values in the right hemisphere in
5 regions of interest (i.e. cortex, hippocampus, corpus callosum, striatum and thalamus) at 1-, 3- and 6-months
post-irradiation. RD values were measured for non-irradiated rats (CTL: white, n=9), rats submitted to right
hemispheric brain irradiation (HBI: gray, n=10-11) or whole-brain irradiation (WBI: black, n=8-10). Mean + SD;
two-way ANOVA followed by Fisher’s LSD test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Supplementary Figure 3



Supplementary Figure 4

Supplementary Figure 4: Assessment of brain microstructure evolution following hemispheric or whole-
brain irradiation by axial diffusivity (AD). Quantitative representation of AD values in the right hemisphere in
5 regions of interest (i.e. cortex, hippocampus, corpus callosum, striatum and thalamus) at 1, 3- and 6-months
post-irradiation. AD values were measured for non-irradiated rats (CTL: white, n=9), rats submitted to right
hemispheric brain irradiation (HBI: gray, n=10-11) or whole-brain irradiation (WBI: black, n=8-10). Mean + SD;
two-way ANOVA followed by Fisher’s LSD test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.



Supplementary Figure 5

Supplementary Figure 5: Effects of hemispheric or whole-brain irradiation on microglia/macrophages,
astrocytes and white matter in the left hemisphere. Quantification in the cortex and the hippocampus in the
left hemisphere (contralateral side) in non-irradiated (CTL group), only right hemisphere irradiated (HBI group)
and whole-brain irradiated (WBI) rats. Quantification of (a) microglia with Iba1 immunostaining, (b)
macrophages with CD68 immunostaining, (c) astrocytes with GFAP immunostaining and (d) myelin with PLP
immunostaining. Mean + SD, n=3 rats for each experimental group and each immunostaining, one-way ANOVA
followed by Fisher’s LSD test: * p < 0.05.



Supplementary Figure 6

Supplementary Figure 6: Effects of hemispheric or whole-brain irradiation on mature neurons, neural stem
cells and vascularization in the left hemisphere. Quantification in the cortex and the hippocampus in the left
hemisphere (contralateral side) in non-irradiated (CTL group), only right hemisphere irradiated (HBI group) and
whole-brain irradiated (WBI) rats. Quantification of (a) mature neurons with NeuN immunostaining, (b) neural
stem cells (NSC) with Sox2 immunostaining and (c) brain vascularization by staining of endothelial cells with
anti-RECA-1 antibody and staining of tight junctions with anti-ZO-antibody to assess vessel area and BBB
integrity respectively. Mean + SD, n=3 rats for each experimental group and each immunostaining, one-way
ANOVA followed by Fisher’s LSD test: * p < 0.05.


