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Abstract

Although external beam radiation therapy (xRT) is commonly used to treat central nervous system 

(CNS) tumors in patients of all ages, young children treated with xRT frequently experience 

life-altering and dose-limiting neurocognitive impairment (NI) while adults do not. The lack of 

understanding of mechanisms responsible for these differences has impeded the development 

of neuroprotective treatments. Using a newly developed mouse model of xRT-induced NI, we 

found that neurocognitive function is impaired by ionizing radiation in a dose- and age-dependent 

manner, with the youngest animals being most affected. Histological analysis revealed xRT-driven 

neuronal degeneration and cell death in neurogenic brain regions in young animals but not adults. 

BH3 profiling showed that neural stem and progenitor cells, neurons, and astrocytes in young mice 

are highly primed for apoptosis, rendering them hypersensitive to genotoxic damage. Analysis of 

single cell RNA-seq data revealed that neural cell vulnerability stems from heightened expression 

of pro-apoptotic genes including BAX, which is associated with developmental and mitogenic 

signaling by MYC. xRT induced apoptosis in primed neural cells by triggering a p53- and 

PUMA-initiated, pro-apoptotic feedback loop requiring cleavage of BID and culminating in BAX 

oligomerization and caspase activation. Notably, loss of BAX protected against apoptosis induced 

by pro-apoptotic signaling in vitro and prevented xRT-induced apoptosis in neural cells in vivo 

as well as neurocognitive sequelae. Based on these findings, preventing xRT-induced apoptosis 

specifically in immature neural cells by blocking BAX, BIM or BID via direct or upstream 

mechanisms is expected to ameliorate neurocognitive impairment in pediatric CNS tumor patients.

Introduction

xRT is used to treat a wide range of malignancies that arise or metastasize to the brain in 

patients across the age spectrum, yet the doses that can be safely administered are limited 

by the potential injury to healthy brain tissue (1–4). Although technological improvements 

in therapeutic delivery of xRT attempt to limit the radiation exposure of healthy brain 

tissue, the doses administered to the normal cells adjacent to tumors cause DNA damage 

at levels sufficient to induce cell death and dysfunction (3,5). In addition, high dose xRT 

is intentionally delivered to the entire CNS to control tumor spread or prevent seeding in 

patients with common tumors that have metastatic potential, such as medulloblastomas. 

In fact, most children diagnosed with this disease will undergo surgical resection and be 

conventionally treated with 23.4 Gy of craniospinal irradiation with an additional 32.4 Gy 

delivered to the posterior fossa where these tumors arise, even if there is no evidence of 

CNS dissemination after resection (3,6). Interestingly, the long-term effects of radiation 

therapy are highly age-dependent: young children exhibit impairments in learning, memory, 

executive processing, visual acuity and fine motor coordination post xRT at vastly higher 

rates and with more severity than adults treated with similar doses (3). This impairment 

is associated with poor quality of life and poor economic status in childhood brain tumor 

survivors (7). Furthermore, this neurotoxicity is dose-limiting and prevents the use of what 

could otherwise be potentially curative doses of xRT in children with brain tumors (3,5). In 
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fact, due to the high risk of severe neurotoxicity, xRT is no longer used in medulloblastoma 

patients younger than three years of age despite its previously demonstrated effectiveness in 

tumor control (8). However, doses of xRT in excess of 50 Gy continue to be used in pediatric 

patients diagnosed with intracranial ependymoma as young as one year of age (9) even 

though it is associated with neurotoxic effects including hearing loss, hormone deficiency, 

cognitive impairment and attentional deficits (9,10). Clinical trials evaluating lower doses 

of xRT or region-sparing treatment strategies to reduce neurotoxicity have been able to 

reduce NI, yet this comes at the cost of decreased cure rates, increased tumor recurrence and 

reduced survival (11).

The cognitive dysfunction resulting from cranial xRT in pediatric patients often manifests 

as deficits in executive processing, attention and hippocampal-dependent learning and 

memory (12,13). These deficits are compounded by heightened anxiety and depression-like 

symptoms. Importantly, the severity of impairment depends upon the dose of radiation 

delivered and age of the patient. The direct causes of cognitive impairment after xRT 

are not fully clarified, in part due to the lack of rigorous mouse models defining the 

age-dependent effects of xRT. Varied mechanisms have been reported to be involved in 

xRT-induced NI including decreased hippocampal neurogenesis, altered neuronal function, 

neuroinflammation, disrupted white matter development and impaired vascular and glial 

clonogenesis (14–16). While cellular necrosis has been shown to be the prominent cause of 

cell death in the adult brain in response to other stimuli, recent evidence suggests apoptosis 

is the key cell death pathway involved in neuronal cell death in young brain tissue (17,18). 

Even at low doses, xRT reduces the number of proliferating cells in the dentate gyrus (DG) 

of rodents by increasing apoptotic cell death (19,20), highlighting a potential vulnerability of 

progenitor cells to ionizing radiation in mice and humans.

The commitment to apoptotic cell death is controlled by the BCL-2 family of proteins, 

which consists of pro-survival and pro-apoptotic proteins as well as the pore-forming 

proteins BAX and BAK that trigger mitochondrial release of cytochrome c and activation 

of caspases (21,22). BAX has been previously shown to be the key pro-apoptotic effector 

in cells within the developing brain (18,23). Collectively, these observations support the 

hypothesis that blocking apoptosis via BAX downregulation or inhibition may reduce 

neuronal cell death in various neuropathological settings. Indeed, Bax −/− mice (24) exhibit 

reduced neuronal cell death in response to ethanol toxicity (25), brain injuries (26,27), 

global ischemia (28) and ionizing radiation (18). However, previous studies have not 

identified the key cell types affected at different developmental time points nor explored 

the extent to which blockade of BAX-mediated apoptosis in the developing brain can 

improve neurobehavioral outcomes in response to brain injuries. Herein, we report on the 

development of a novel mouse model of pediatric xRT neurotoxicity that clearly defines 

the age-dependent, short and long-term neurobehavioral effects of ionizing radiation and the 

potential for NI prevention by blocking BAX-mediated apoptosis.
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Materials and Methods

Animal care and use

Mouse experiments were conducted in accordance with protocol IS00001059, which 

was approved by the Harvard T.H. Chan School of Public Health Institutional Animal 

Care and Use Committee (IACUC). C57BL/6J (WT), B6.129X1-Baxtm1Sjk/J (Bax −/−) 

(Jackson Laboratories, Bar Harbor ME; Strain #002994), B6.129X1-Bidtm1Sjk/J (Bid −/−) 

(Jackson Laboratories Strain #008887) and B6.129S2-Trp53tm1Tyj/J (Trp53 −/−) (Jackson 

Laboratories Strain #002101) mice were used for experiments evaluating neuroprotection. 

Heterozygous male and female mice were bred to produce WT, heterozygous and KO 

litter-matched animals for analysis. Genotypes were confirmed with PCR of DNA samples 

from tail snips (protocols from Jackson Laboratories). Mice were housed in colonies of 4–5 

animals, with sham and IR animals comingled in the same cage, in a 12 hr light cycle (lights 

on from 7 am to 7 pm), with constant temperature and humidity (22°C and 40%). Food 

and water were available ad libitum. Animals’ weight was monitored weekly. Mice were 

4–6 weeks-old at the beginning of experiments and allowed 2 weeks of acclimation before 

experiments began. Behavioral testing was conducted between 9 am and 3 pm. Bcl2l11 
(BIM) −/− mice were obtained from Jackson Laboratories (Strain #004525). All mice were 

of the species Mus musculus, maintained on the C57/BLK6 background. Experiments with 

Bcl2l11 +/+ and Bcl2l11 −/− mice were conducted in accordance with protocols #19–098 

and 21–011, which were approved by the University of North Carolina at Chapel Hill’s 

Institutional Animal Care and Use Committee (IACUC).

Brain Irradiation

Brain-targeted irradiation was performed using a CT-guided small animal radiation research 

platform (SARRP, Xstrahl, Suwanee GA) a precision radiation device capable of delivering 

radiation beams down to 0.5 mm in diameter under CT guidance (29). It consists of an 

X-ray tube attached to a gantry that rotates over a range of 120°and generates 220 kVp. 

Radiation dose was calibrated according to Task Group 61 of the American Association 

Of Physicist in Medicine (30). A 10-mm focal collimator and filtration of 0.25 mm Cu + 

1 mm Al was used. The target was localized, and exposure times were calculated using 

the Muriplan treatment planning software. After localization on CT, the animal was moved 

to the appropriate treatment location by the robotic positioner which has four degrees of 

freedom (X, Y, Z, θ). Through a combination of gantry and robot stage angles, beams were 

delivered to only central part of the head avoiding eyes, mouth and neck. For irradiation of 

Bcl2l11 +/+, +/− and −/− mice, animals were anesthetized using isoflurane and irradiated 

with one dose of 2 Gy using an X-RAD 320 irradiator. For irradiation of BAX +/+ and Bax 
−/− mice used for immunofluorescence of hippocampus, amygdala, and perirhinal cortex, 

mice were subjected to whole body irradiation using a Cs-137 source (Mark 1 Irradiator, 

Shepherd & Associates) irradiator.

Immunohistochemistry, immunofluorescence and histology

Brains were collected, rinsed with HBSS and placed into 4% formaldehyde solution 

(Electron Microscopy Sciences, Hatfield PA) for 24 hr at 4C followed by 70% ethanol 

until processed. Sections were treated with antigen retrieval for 15 minutes, washed 3 
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times with PBS, and further treated with 0.3% Triton X-100 for 30 minutes followed by 

wash. Tissue was then blocked in normal horse serum for 30–60 minutes and incubated 

with primary antibodies against cleaved caspase 3 (Cell Signaling Technology #9664, 

RRID:AB_2070042), BAX (Cell Signaling Technology #2772, RRID:AB_10695870), 

BAK (Cell Signaling Technology #12105, RRID:AB_2716685), GFAP (Thermo Fisher 

Scientific 13–0300, RRID:AB_2532994), or MAP2 (Thermo Fisher Scientific #PA1–10005, 

RRID:AB_1076848) overnight at 4°C. Following day slides are washed 3 times 5 min 

each in 0.1 % PBS-Triton X100. Primary antibodies were detected with HRP-conjugated 

anti-rabbit and anti-mouse secondary antibodies (GE Amersham). In addition, sections were 

stained with hematoxylin and eosin (H&E) stain. All slides were examined and scanned 

using microscope (Incell 6000) for further qualitative and semi-quantitative analyses.

Immunofluorescent staining of brain tissues was performed on 4% paraformaldehyde-fixed 

5 μm-thick paraffin sections. Mouse brain samples were fixed in 4% PFA overnight, 

and further processed in a Tissue Processor (Thermo Scientific). Sections (5 μm) were 

cut from paraffin blocks using a CUT 6062 microtome (SLEE Medical GmbH, D-55129 

Mainz Germany). The sections were first warmed to 60°C in a vacuum incubator (Isotemp 

Vacuum Oven, Fisher Scientific) then washed immediately twice in xylene, gradually re-

dehydrated in ethanol (100%, 95%, 70%, water), and then processed for antigen retrieval 

using sodium citrate buffer (pH 6.0) in a steamer for 30 minutes. Samples were allowed 

to cool down for 30 minutes on ice, rinsed in PBS followed by a wash with distilled 

water. Tissue autofluorescence was removed using a bleaching solution containing 3% 

hydrogen peroxide. Samples were permeabilized with 0.3% Triton X-100 for 30 minutes, 

followed by incubation with blocking buffer (5% normal goat serum) for 1 hour at 

room temperature, then incubated overnight at 4°C with primary antibodies (diluted 

in 0.5% BSA per manufacturer’s recommendation). The following day, samples were 

washed 3 times with PBS and incubated with appropriate fluorescent-labeled secondary 

antibodies (1:1000 dilution in 0.5% BSA, Life Technologies) and the nuclear marker DAPI 

(Biolegend). Slides were mounted using anti-fade mounting media (Thermo Scientific) prior 

to imaging. Antibodies used for immunostaining are Cleaved Caspase 3 (Cell Signaling 

Technology #9664, RRID:AB_2070042), and MAP2 (Thermo Fisher Scientific #PA1–

10005, RRID:AB_1076848). In addition, sections were stained with hematoxylin and eosin 

(H&E) stain to observe histology.

For immunofluorescence of hippocampus, amygdala and perirhinal cortex in Bax +/+ 

and Bax −/− animals, post-natal day 4 (P4) animals were irradiated with 8 Gy and 

brain tissue was collected and fixed 4 hours later. 4% paraformaldehyde-fixed 5 μm-thick 

paraffin sections were washed in histo-clear II followed by rehydration with a decreasing 

ethanol gradient. Antigen retrieval and autofluorescence photobleaching was performed, 

followed by permeabilization with PBS-Triton X 0.5%, blocking in 5% NGS (Vector 

Laboratories S-1000–20), and primary antibody incubation at 1:200 dilution in 5% NGS. 

Antibodies: cleaved caspase 3 (Cell Signaling Technologies #9661, RRID:AB_2341188), 

SOX2 (Cell Signaling Technologies #4900, RRID:AB_10560516), and NG2 (Abcam 

ab273443, RRID:AB_2940856). Secondary antibody incubation at 1:200 dilution (Thermo 

Fisher Scientific A-11008, RRID:AB_143165) and DAPI staining (Abcam ab228549) was 

performed the next day, with cover slipping using vector labs antifade mounting media 
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(Vector Laboratories H-1000–10). Slides were imaged on a Zeiss Axio Observer and 

quantified using CellProfiler (31).

Imaging and analysis

Imaging was carried out using a 20x/0.75 NA objective lens on a GE Healthcare IN Cell 

Analyzer 6000 – Cytiva. Images overlapping by 20% were acquired for an entire section 

for every channel and stitched using ASHLAR7777, and a multi-channel composite image 

generated using Fiji (32). For quantification of immunofluorescence images, cells were 

segmented into individual objects based on the DAPI channel and cells stained positive for 

primary antibody were quantified based on Fiji measurements of mean intensity.

BH3 Profiling

For BH3 profiling of WT animals, brain tissue samples from mice of different ages 

(P0-P6) were dissociated into a single cell suspension using the Collagenase/Dispase for 

30min at 37°C. Samples were placed on ice and triturated with a cut 1ml pipette, and 

were left to settle for 2–5 minutes before the cloudy cell suspension was transferred 

to new tubes and centrifuged at 200g for 5 minutes at 4°C. Supernatant was discarded 

and the pellet was resuspended in 100μl FACS Stain Buffer (2% FBS in PBS) with 1μl 

anti-CD45- AlexaFluor488 or anti-CD45- AlexaFluorPE (BioLegend). Cells were stained 

on ice for 25 minutes away from light, then centrifuged at 200g for 5 minutes and 

subjected to flow cytometry-based BH3 profiling as previously described (33). Briefly, 

cells were treated with activator or sensitizer BH3 peptides (New England Peptide) for 

60 minutes at 28°C in MEB (10 mM HEPES pH 7.5, 150 mM mannitol, 50 mM KCl, 

0.02 mM EGTA, 0.02 mM EDTA, 0.1% BSA, 5 mM succinate) with 0.001% digitonin. 

Peptide sequences are as follows: BIM (Ac-MRPEIWIAQELRRIGDEFNA-NH2), BID (Ac-

EDIIRNIARHLAQVGDSMDRY-NH2), PUMA (Ac-EQWAREIGAQLRRMADDLNA-

NH2), BAD (Ac-LWAAQRYGRELRRMSDEFEGSFKGL-NH2), 

HRK (Ac-WSSAAQLTAARLKALGDELHQ-NH2), and MS1 (Ac-

RPEIWMTQGLRRLGDEINAYYAR-NH2). After peptide exposure, cells were fixed in 2% 

paraformaldehyde for 15 minutes which was then neutralized by addition of N2 buffer (1.7 

M Tris base, 1.25 M glycine, pH 9.1). Cells were stained overnight with DAPI (1:1000, 

Abcam), anti-PSA-NCAM-PE (1:500, Miltenyi Biotec 130–117-394, RRID:AB_2727931), 

GFAP-PE or GFAP-AlexaFluor488 (1:1000 BioLegend 644701, RRID:AB_2109791), 

anti-CD133-PE (1:1000 Millipore MAB4310, RRID:AB_2170527) and anti-Cytochrome 

c-AlexaFluor647 (1:2000, clone 6H2.B4, BioLegend 612310, RRID:AB_2565241) in a 

saponin-based buffer (final concentration 0.1% saponin, 1% BSA) and then analyzed by 

flow cytometry. Cytochrome c release in response to BIM treatment was measured on an 

Attune NxT flow cytometer (Thermo Fisher Scientific). Data for marker positive cells were 

collected from the DAPI+/CD45- population.

For BH3 profiling of brain tissue from Bax −/− mice and Bax +/+ littermate controls, brain 

tissue samples were dissociated following an updated protocol, using a GentleMACS Octo 

Dissociator with Heaters (Miltenyi Biotec) and the corresponding Adult Brain Dissociation 

Kit. Tissue dissociation was carried out according to the manufacturer’s protocol. Briefly, 

dissected brain tissue was cut into 8 sagittal slices and added to an OctoMACS C tube 
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with dissociation enzymes. Mechanical and enzymatic digestion was carried out on the 

GentleMACS Octo Dissociator using the protocol 37C_ABDK_01. Samples were strained 

through a 70 μm MACS Smart Strainer, then mixed with Debris Removal Solution to 

remove myelin and other debris by density centrifugation. Finally, cells were suspended 

in Red Blood Cell Removal solution to lyse blood cells and yield a pure population of 

neural cells. These cells underwent staining for specific cell type markers, followed by BH3 

profiling as described.

Primary neural cell cultures

Primary cortical and hippocampal cells taken from neonatal (P0) mouse brain tissue were 

cultured in a neurobasal medium (Thermo Fisher Scientific) with required growth factors to 

support neurons, astrocytes, microglia, and oligodendrocytes. B-27, GlutaMAX and glucose 

(Thermo Fisher Scientific) were added to growth media for cortical and hippocampal 

neurons in neurobasal media. Astrocytes were cultured and seeded in DMEM/F12 media 

with FBS. After 4–5 days, neurons and glia were collected using trypsin and processed for 

downstream analysis.

Immunoblotting

Immunoblotting was performed as previously described23. Briefly, protein lysates were 

obtained by cell lysis in Radio Immuno Precipitation Assay (RIPA) buffer (150 mM 

sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 

50 mM Tris, ph 8.0). Protein loading was measured by Protein Assay Dye Reagent 

(Bio-Rad). Protein samples were electrophoretically separated on NuPAGE 4–12% Bis-Tris 

polyacrylamide gels (Invitrogen). Antibodies used include: BAX (Cell Signaling Technology 

#2772, RRID:AB_10695870); BAK NT (Millipore 06–536, RRID:AB_310159); BIM 

(Cell Signaling Technology 2933, RRID:AB_1030947); BID (Cell Signaling Technology 

2002, RRID:AB_10692485), cleaved BID (Millipore PC645, RRID:AB_2258975), Cleaved 

Caspase 3 (Cell Signaling Technology 9665, RRID:AB_2069872), Puma (Cell Signaling 

Technology #D30C10), p53 (Cell Signaling Technology 12450, RRID:AB_2797920), 

p21 (Cell Signaling Technology Cat# 2947, RRID:AB_823586), Actin (Cell Signaling 

Technology 4967, RRID:AB_330288), GAPDH (Cell Signaling Technology #5174, 

RRID:AB_10622025).

Flow cytometric host cell reactivation (FM-HCR) analysis of DNA repair capacity:

Reporter plasmids were prepared and the FM-HCR assay was performed as described 

previously (34). HeLa wild type (WT), BAX KO (sgBAX), BAK1 KO (sgBAK1) and 

BAX KO BAK1 KO (sgBAX sgBAK1) were seeded in complete medium at a density 

of 105 cells per well in 12 well culture plates (Thermo Fisher Scientific, Waltham, MA, 

USA). After 24h, medium was refreshed and transfection with reporter plasmids (1.5 μg 

plasmid DNA cocktail per well) was carried out using Lipofectamine 3000 following 

the manufacturer’s protocol (Thermo Fisher Scientific, #L3000015). Each cell line was 

transfected with (1) an undamaged plasmid cocktail, (2) damaged plasmid cocktail #1, and 

(3) damaged cocktail # 2 as previously described (34). After 24h incubation at 37°C, 5% 

CO2, transfected cells were trypsinized, suspended in culture medium and analyzed using 

an Attune NxT flow cytometer (Thermo Fisher Scientific). Gating and compensation were 
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set using single color controls. Reporter expression was normalized to transfection efficiency 

and repair capacity was calculated as previously described (34). Triplicate measurements 

were carried out by performing FM-HCR on three different days. HeLa cells were obtained 

from an authentic source (ATCC Cat# CCL-2, RRID:CVCL_0030) and authenticated via 

short tandem repeat (STR) analysis every six months. Cells were confirmed to be free 

of Mycoplasma with the MycoAlert Plus Mycoplasma Detection Kit Lonza # LT07–710 ) 

together with the MycoAlert Assay Control set (Lonza # LT07–518 ) upon receipt. Cells 

were tested regularly for Mycoplasma and used within 5 passages. Kruskal-Wallis test was 

performed with Dunn’s adjustment for multiple comparisons was computed using Prism 8.1 

to assess statistical significance (p ≤ 0.05).

Flow cytometric analysis of cell viability:

Radiation sensitivity of MEFs was assessed by irradiating cells in a X-RAD 320 (Precision 

X-Ray, Madison CT) followed by staining with Annexin V (R&D Systems, Minneapolis 

MN; #4830–250-K) and propidium iodide (Thermo Fisher Scientific) after 48 hours. 

Knockdown of Bid was performed using ON-TARGETplus Mouse BID siRNA (Horizon 

Discovery L-058612–00-0010) transfected with Lipofectamine RNAiMAX transfection 

reagent (Thermo Fisher 13778075) according to manufacturer’s protocol. Cells were 

analyzed on an Attune NxT flow cytometer. MEFs were obtained from a collaborating 

laboratory and authenticated via short tandem repeat (STR) analysis. Cells were confirmed 

to be free of Mycoplasma as described above and used within 5 passages.

Caspase activation in tissues

Caspase activation was measured in irradiated tissues as previously described (18). Briefly, 

tissues were collected at indicated time points, mechanically dissociated and Dounce 

homogenized. Protein concentrations were measured using the Bradford assay (Thermo 

Fisher Scientific) and 5 μg of protein in 15 μL of PBS was loaded into triplicate wells in 

a 384 well plate. 15 μL of Caspase-Glo 3/7 reagent (Promega, Madison WI; #G8090) was 

added to each well and luminescence was measured after 30 minutes on a Tecan microplate 

reader (Tecan Group, Switzerland).

Neurobehavioral Analyses

Baseline and post-IR behavioral testing were performed with all mice together, in the 

same order each week. All animals are handled after IR everyday till day of testing for 5 

min/mice. All subjects in the home cage are placed in the testing room for at least 1 hr 

before testing to minimize effects of stress on behavior during testing. During this 1 hr, 

behavioral equipment is cleaned and prepared for testing and weights are measured once/

week. Apparatus was cleaned with 70% ethanol between each animal. Experiments were 

blinded as to the genotype of the animals or treatments administered whenever possible.

Open field test

Animals are placed into the center of a clear Plexiglas (40×40×30 cm) open field arena. 

Total distance (locomotor activity), center distance (the distance traveled in the center of the 

arena), rearing (standing on the hindlimbs without touching wall), grooming (licking and/or 
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scratching the fur, licking the genitalia and tail), pausing (immobility/inactivity), stretching 

(stretching the whole body forward while keeping the hindlimbs in place), and fecal boli 

were recorded. Three trials after IR over the time course (30 days, 3 months, 6 months) 

are recorded for each animal. Statistical analysis was performed by one-way or two-way 

ANOVA.

Rotarod

Motor coordination was measured by the accelerating rotarod test. The rotarod apparatus 

(Stoelting Co. Ltd.) consists of a rod that is capable of rotating at different speeds. During 

test trials the rod revolves with a steady rate of acceleration from 4 – 40 rpm over a 5-minute 

period. Animals were placed on the rod with constant low-speed rotation (4 rpm). After the 

mouse was accustomed to walking on the rod, the test was started. The number of falls and 

time spent on rotating rod was automatically measured.

Elevated plus maze (EPM) and light-dark (LD) chamber

Both tasks are based on the innate aversion of animals to brightly illuminated open areas 

and on their tendency to exhibit spontaneous exploratory/locomotor behavior in response to 

novel environments, light and stress. The test is considered to be a measure of generalized 

anxiety since agents used to alleviate generalized anxiety disorder symptoms modify 

defensive behaviors evoked by the model. The EPM apparatus consisted of a white wooden 

laminate structure with two open arms and two opposite closed arms (50×50×10 cm) that 

had 20 cm high walls. The open and closed arms were connected by a central square (10×10 

cm). Mice were placed in the center of the maze, facing one closed arm, and allowed to 

explore for 5 min. Total distance traveled, number of entrances and time spent in each arm 

was recorded. LD apparatus has two connected compartments, one is lit (aversive area) and 

the other is darkened (safe area), with an opening between the two compartments. Mice were 

placed in the light area and they begin moving along the periphery of the compartment until 

they locate the opening to the dark compartment. Prior to the trial mice are kept in dark 

room for 1 hr. The time animal spends moving, rearing, and transitioning from the dark to 

light area is recorded over a 5 min period. In addition, the number of crossings from the lit 

to the darkened side and vice versa and the level of locomotor activity in the entire chamber 

(darkened and lit sides combined) is measured. The first latency to enter dark compartment 

and time it takes to return to lit side are indices of anxiety. Transitions are index of activity- 

exploration due to habituation over time.

Tail suspension and forced swim test (FST)

The tests are based on the same principle: measurement of the duration of immobility when 

rodents are exposed to an inescapable situation. In tail suspension task, mice are suspended 

by their tails with tape (1 cm from tip of tail), in such a position that it cannot escape 

or hold on to nearby surfaces. During this test, the mice were allowed to hang for 6 min 

and the duration of immobility was recorded using a stopwatch. Mice were considered 

immobile only when hanging passively and completely motionless. In FST, mice were 

placed individually in glass cylinders (40×20 cm) filled with water (22–25 C) to a depth of 

30 cm; at this depth the mouse cannot stand on the cylinder bottom. The water was changed 
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before the next animal was placed into the water tank. Passive/immobile behavior, floating, 

active/mobile behaviors, escape-oriented behaviors and self-directed behaviors were scored.

Novel object recognition test (NORT) and Y-maze

Tests are based on the spontaneous tendency of rodents to spend more time exploring a 

novel object/arm than a familiar one. The choice to explore the novel object reflects the use 

of learning and recognition memory. This is a non-force driving and spontaneous memory 

test, unlike most of the learning memory tasks which require trigger or stress stimulus. Mice 

are habituated to the test chamber by allowing them to freely explore the empty chamber for 

5–10 min on the first day. 24 hrs following habituation, mice are placed in the test chamber 

for 2 min for re-habituation. The mice are removed, and 2 identical objects are placed in the 

test chamber. Then the mice are allowed to explore the objects (forepaw and/or nose contact) 

and time spent exploring and number of times is measured. On the 3rd day of trial, mice are 

returned to the box with one novel object and one familiar that are counterbalanced to the 

preferred side from the training day (the less preferred side gets the novel object to eliminate 

any bias effect). The time spent exploring either object is measured. The discriminative 

index is calculated based on:

DI = Novel object exploration time
Total exploration time − Familiar object exploration time

Total exploration time X 100

The discrimination in preferentially exploring the novel object over the familiar object 

provides an index of recognition memory. The Y-maze apparatus consisted of three arms at 

a 120-degree angle to one another with a triangular central zone. Each mouse was placed 

at the end of a randomly chosen arm and allowed to freely explore 2 arms for 5 min with 

the third arm blocked off. The blocked arm is opened in third trial and the time spent in the 

novel or familiar arm was measured.

Barnes maze

The Barnes maze is a spatial learning apparatus in which the animals search for an escape 

box (35). The maze is a dark circular platform (120 cm diameter), elevated 90 cm from 

the floor, containing 20 holes (10 cm in diameter) disposed circularly at the edge of the 

platform. One of the holes (target hole) is connected to an escape box (10 × 10 × 15 cm). 

There were visual cues on the walls, located 50 cm distant from the apparatus. During the 

behavioral sessions, the lights were turned on (420 lux) to increase escape motivation. In 

the habituation session, the animals were allowed to freely explore the apparatus during 

150 s or until the entrance in escape box. Afterwards, the animals were submitted to a set 

of four daily training sessions, each one with two trials. The inter-trials interval was the 

duration of cleaning the apparatus (with a 5% alcohol solution). The first training session 

was performed immediately after the habituation. All trials lasted 300 s or until the animals 

reached the escape box. However, if the mice did not reach the target hole, the experimenter 

gently guided the animal towards it at the end of the trial. After reaching the escape box, 

animals remained inside for 60 s. The escape box is always located in the same place during 

the training set, but not during the previous habituation session. Retrieval of spatial learning 

was evaluated in the probe session, which was conducted 3 days after the last training day. 
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The procedure was similar to the training trials, but the escape box was removed. At the 

beginning of each session, the animals were placed in an opaque container at the center of 

the maze. The container was then pulled up, and the animal was released to explore the 

maze. Between animals, the maze was cleaned and rotated to avoid odor cues

Composite Behavioral Scores

For each experiment, there are one or more contrasts of interest (e.g., sham vs. irradiated). 

For each contrast, we defined a composite test statistic for each category (A/E, Mot, L/M, 

D/D) by combining the measurements in that category as follows. For the jth measure, we 

computed a t-statistic (assuming unequal variances) comparing the case and control groups, 

excluding any missing values. Specifically, if x1, …, xn1 and y1, …, yn2 are the non-missing 

values of measure j for the control and case groups, respectively, then we computed

T j = x − y
σ1

2/n1 + σ2
2/n2

where x = 1
n1

∑i = 1
n1 xi and y = 1

n2
∑i = 1

n2 yi are the sample means, and σ1
2 = 1

n1 − 1 ∑i = 1
n1 xi − x 2 and 

σ2
2 = 1

n2 − 1 ∑i = 1
n2 yi − y 2 are the sample variances. Deceased subjects are treated as having 

missing values; this is a conservative approach to dealing with the missing values since 

nearly deceased subjects would be expected to have very poor performance.

Then, for each category (A/E, Mot, L/M, D/D), these t-statistics are combined by taking a 

weighted average – for instance, for the A/E category,

T = ∑j = 1
m wjT j

∑j = 1
m wj

where the weights wj are −1, 0, or +1 depending on whether a higher value of measure j
indicates better performance (+1), worse performance (−1), or is not included (0) in the A/E 

category. Occasionally, this results in undefined values because the case or control groups 

are too small due to having too many missing values. To deal with this issue, we set wj equal 

to 0 if n1 ≤ 1 or n2 ≤ 1 for measure j. For each contrast, this yields a test statistic T  for each 

category (A/E, Mot, L/M, D/D).

Calculation of p-values for Composite Behavioral Scores

We use random permutations to approximate the distribution of the test statistics T  under 

the null hypothesis of no difference between case and control groups. Specifically, for a 

given category (A/E, Mot, L/M, D/D), we consider the subset of case and control subjects 

that have at least one non-missing value among the measurements in that category. Then 

we randomly permute the case/control group assignments for this subset of subjects and 

compute the resulting value of the test statistic T ; this yields a single simulated value from 

the approximate null distribution. We approximate the null distribution by computing T  for 

Singh et al. Page 11

Cancer Res. Author manuscript; available in PMC 2024 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



R = 100,000  such permutations. We then compute an initial estimate of the p-value as the 

proportion of these T  samples that are greater than the observed value of T :

p = 1
R ∑r = 1

R I T r > Tobs

where I ⋅  denotes the indicator function which equals 1 if the event is true and equals 0 

otherwise. We use one-sided hypothesis tests since we define each contrast such that the 

alternative hypothesis is that the “control” group exhibits better performance than the “case” 

group.

When the p-value is very small (less than ≈ 1/R), this initial p estimate will often be equal to 

zero since none of the T r values will exceed Tobs. To improve the approximation in this case, 

we use a normal approximation to the null distribution and compute the resulting p-value. 

That is, if p = 0 according to the initial estimate above, then we redefine p as follows:

p = P Z > Tobs

where Z is a normal random variable with mean μ = 1
R ∑r = 1

R T r and variance 

σ2 = 1
R − 1 ∑r = 1

R T r − μ 2.

To adjust for multiple comparisons, we use the Bonferroni correction for M = 89 tests, 

which is the total number of tests performed across all parts using the composite score 

analyses. In the figures, we transform the estimated p-values to −log10 p  for visualization 

purposes. The black dotted lines indicate the Bonferroni-corrected significance threshold 

when controlling the family-wise Type I error rate (FWER) at 0.05, specifically, the black 

dotted lines are at −log10 p = − log10 0.05/M ≈ 3.25.

Single-cell RNAseq data analysis

We used previously published single-cell RNA sequencing data to examine expression of 

apoptosis-associated genes in the developing hypothalamus (36). Data were downloaded 

from GEO accession number GSE132355 and analyzed using the Seurat package in R (37). 

The FindMarkers function in Seurat was used with default parameters to identify genes 

differentially expressed by Bax positive hypothalamic neurons compared to hypothalamic 

neurons with no Bax expression. Enrichment of gene sets from the Molecular Signatures 

Database (38,39) among the genes differentially expressed by Bax positive hypothalamic 

neurons was done using the enrichr package (40). Enrichment plots for significant pathways 

were generated using enrichplot.

Statistical analysis

Mantel-Cox test, Kruskal-Wallis test, one-way and two-way ANOVA (analysis of variance) 

followed by Holm-Sidak’s post-hoc multiple comparisons test (MCT), and t tests were 

performed using the GraphPad Prism software (GraphPad Software). Significance: *p<0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001 throughout.
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Data availability:

The raw data generated in this study are available upon request from the corresponding 

author. Single-cell RNAseq data analyzed in this study were obtained from Gene Expression 

Omnibus (GEO) at GSE132355.

Results

High dose 8Gy-xRT induces cognitive deficits and delay in learning memory in neonates

Existing mouse models of xRT-induced NI utilize juvenile or adult mice and are unsuitable 

for translational or mechanistic studies of xRT effects in pediatric CNS tumor patients across 

the age spectrum and especially in young children, who are more likely to experience the 

most severe effects. To address this, we sought to develop a mouse model that allows for 

rigorous comparison of xRT-mediated neurocognitive effects from birth to adulthood (Figure 

1A). Neonatal mice (P3-P5) were initially treated with cranial xRT at a moderate/high dose 

(8 Gy) that was previously shown to induce mild but reproducible NI in juvenile and adult 

mice (18). Surprisingly, neonates irradiated at this dose exhibited an extremely high rate 

of mortality (Figure 1B) and weight loss (Figure 1C) compared with litter-matched shams, 

already demonstrating the heightened sensitivity of young animals to this treatment.

We performed a battery of neurobehavioral tests on surviving mice to assess anxiety and 

exploration (A/E), motor function (Mot), learning and memory (L/M) as well as despair 

and depressive-like behavior (D/D) to compare with previously reported results (Figure 1A). 

These tests were chosen based on their widespread use for assessment of these factors, 

which are commonly altered in pediatric tumor survivors treated with xRT compared with 

age-matched or sibling controls (41,42). For example, symptoms of anxiety and anxiety 

disorders are significantly more common in cancer patients than the general population and 

this is particularly true of CNS tumor survivors treated with xRT (43). To assess levels of 

anxiety and exploration following irradiation in our mouse models, elevated plus maze and 

light/dark transition test were used as they are based on the ingrained exploratory behavior 

of rodents along with their natural aversion for open spaces, which normally trigger fear and 

anxiety (44,45). Animals tend to avoid the open areas, especially when they are brightly lit, 

favoring darker, more enclosed spaces and the activity/avoidance behaviors are indicators of 

physiological stress levels. In the open field test (Figure 1D), we noted that 8 Gy irradiated 

animals had prolonged periods of immobility and reduced exploration of the inner zone as 

compared with shams. The magnitude of these differences was reduced in animals surviving 

to 60 days post xRT but still highly significant (Figure 1E). We also noted a near-total lack 

of rearing behavior in irradiated animals at 30 as well as 60 days post treatment (Figure 1F), 

suggestive of higher anxiety and motor deficits. Irradiated mice also had fewer crossings 

between the light and dark areas and spent less time in the light chamber within the light/

dark transition test (Figure 1G–H).

The rotarod task was chosen to examine the effects of xRT on balance, coordination and 

motor control (46,47). As expected, sham mice maintained their balance on the accelerating 

rod and habituated quickly (Figure 1I). However, 8 Gy xRT mice were unable to maintain 

balance and grip and fell as soon as the rod accelerated beyond 5 rpm. After 2–3 
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unsuccessful trials, animals were tested at a constant speed of 5 rpm and exhibited 90% 

shorter latency to fall and struggled to maintain balance, grip and motor coordination (Figure 

1J). No significant improvement in motor function was observed after 60 days (Figure 1I–J).

To assess the effect of xRT on hippocampus-dependent learning and memory, we performed 

the Y-maze and novel object recognition test (NORT). 8 Gy xRT mice exhibited impairment 

in learning and spatial memory by failing to explore the novel arm of the Y maze 

(Figure 1K), although decreased overall exploratory behavior was noted. Irradiated mice 

also performed poorly and showed little to no ability to discern between familiar or novel 

objects, as evidenced by the reduced discrimination between these (Figure 1L). Finally, 

we evaluated depressive-like behavior using the tail suspension test, which revealed that 

irradiated animals exhibited longer freeze duration (Figure 1M), which is a measure of 

despair and depressive-like behavior.

Since we used several complementary assessments of multiple behavioral outcomes, 

we developed a cross-test composite scoring system that would enable more rigorous 

assessment of outcomes across varying doses, ages at treatment and recovery times (see 

Methods). When applied to this initial data set, the composite scoring system confirmed 

that the major neurobehavioral impairments were highly significant and the A/E and Mot 

impairments were somewhat improved with longer recovery times (Figure 1N). Notably, the 

L/M impairments showed the least improvement with recovery time.

Molecular and histological effects of xRT on the developing brain

We next examined brain tissue from 8 Gy xRT-treated animals via histological analysis 

to better understand how ionizing radiation affects developing neural tissue. We observed 

significant infarcts in sections from 8 Gy xRT animals that were not present in litter-matched 

sham animals (Figure 1O). xRT mouse brain tissue contained degenerated neurons as 

evidenced by chromatolysis and deep staining of neurons in neurogenic regions (Figure 1O). 

This was suggestive of neural stem or progenitor cell death in the hippocampus, sub granular 

regions and the striatum. Overall, these histological findings were consistent with xRT 

causing neural cell loss, which is especially evident in neurogenic niches in the developing 

brain.

Across these tests, our results demonstrated that whole-brain 8 Gy xRT caused extensive 

neural damage and degeneration and strongly impaired neurocognitive and motor function. 

These effects appear shortly after irradiation and are largely irreversible, matching the 

clinical experiences evident with cranial xRT in young CNS tumor patients. Importantly, 

these results contrasted sharply with the previously reported milder effects of this dose in 

juvenile or adult animals.

Neurotoxic effects of cranial xRT are dose-dependent

We next sought to establish the degree to which the dose of xRT administered affected 

outcomes. We found that animals irradiated at 4 Gy exhibited a significant improvement 

in overall survival (Figure 1P) and developmental weight gain (Figure 1Q) compared with 

8 Gy. Even lower doses of 1.8 and 1 Gy did not cause any mortality but did lead to a 

slight reduction in weight gain. Although there was no decrease in overall survival with 1 
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Gy treatment, we nonetheless detected neurocognitive impairments in mice irradiated with 

this low dose at a young age. Specifically, we detected impairments in anxiety, exploration, 

motor function, learning and memory as well as despair and depressive-like behaviors 

(Figure S1A–J). Neonates irradiated with even 1 Gy xRT did worse than sham-treated 

animals in NORT, indicative of impaired learning and memory (Figure S1G). Finally, we 

detected extended freeze times in 1 Gy irradiated mice in the tail suspension and forced 

swim tests, demonstrating potential increased levels of despair and depressive behaviors 

(Figure S1H–I). Although these effects were milder as compared with 8 Gy treated mice, 

they were consistently detectable and demonstrated that the developing brain is extremely 

sensitive to even mild doses of xRT and that the extent of NI is dose-dependent.

Neurotoxic effects of cranial xRT are age-dependent

Clarifying how xRT affects the brain during different phases of brain development 

is critical for understanding therapy-induced toxicities broadly and evaluating potential 

neuroprotective agents. We next investigated the effect of the moderate dose of xRT (4 Gy) 

when applied during key time points in brain development to identify vulnerable periods and 

to develop a rigorous mouse model of the age-dependent effects of xRT on neurocognition. 

The 4 Gy dose was chosen for neurobehavioral studies in order to maintain a high clinical 

relevance while also maintaining sufficient animal survival for long-term follow-up. To 

assess the differences in radiation sensitivity across key ages, we compared the effects of 4 

Gy xRT on young (P3–6), adolescent (P10), juvenile (P20) and adult (P45+) mice. While 

the youngest irradiated mice exhibited nearly 50% mortality and a significant decrease in 

body weight at 60 days post irradiation, the adolescent, juvenile and adult irradiated animals 

showed improved survival along with only mild declines in body weight (8–12%; Figure 

2A–B). Consistent with these data, we detected a decrease in brain weight in animals treated 

at P3-P6 but not any other age group (Figure 2C).

Effects of 4Gy xRT on neurobehavior in young, adolescent, juvenile and adult mice

We next tested the effects of xRT on neurobehavioral outcomes across lifespan. After xRT 

at different ages, animals recovered for 30 days and then completed our comprehensive 

battery of neurocognitive tests. This dose of ionizing radiation caused the most deleterious 

long-term NI in the youngest animals (P3–6) followed by adolescent (P10) and juvenile 

(P20) animals as evidenced by their reduced exploration and rearing along with increased 

immobility and anxiety (Figure 2D–F) in the open field and light/dark box tests. The effects 

on adult (P45) animals were milder and did not reach significance despite similar group 

sizes. Further, we observed clear age-dependent effects of xRT on motor coordination with 

the youngest animals struggling to maintain their balance (Figure 2G). Cognition was also 

affected in a similar manner – the ability of mice to learn to discriminate between novel 

and familiar areas (Figure 2H) and objects (Figure 2I) was more negatively impacted by IR 

treatment at young compared with older ages. Finally, we evaluated despair and depressive-

like behavior using the tail suspension (Figure 2J) and forced swim (Figure 2K) tests, 

both of which revealed that the youngest irradiated animals exhibited the largest increases 

in freeze duration. Our composite scoring system clearly demonstrated the age-dependent 

effects of xRT-induced NI with P20 and older animals not showing significant levels of 

NI in response to 4 Gy (Figure 2L). Interestingly, we noted reduced intensity NI in P10 
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animals as compared to P3–6 in every category except Mot, suggesting that the brain regions 

responsible for optimal motor function have a consistent and prolonged sensitivity to xRT as 

compared to other regions.

Histologically, we observed that 4 Gy xRT caused loss of neuronal and glial cells in the 

cortex and hippocampus along with reduced cell density and granule cell dispersion in the 

neonatal brain (Figure 2M). The adolescent, juvenile and adult irradiated animals did not 

show pronounced loss of granular or glial cells and only slight decreases in cell density were 

observed in adolescent and juvenile but not adult hippocampi and subgranular zones (SGZ).

Collectively, these results demonstrated that xRT of young brain tissue caused generalized 

anxiety, depressive-like behavior, and impaired learning, memory and motor function. These 

data are broadly in agreement with clinical experiences, in which younger children receiving 

higher doses of xRT present with more severe symptoms than adults or children receiving 

lower doses (48,49).

Mechanisms driving xRT-induced neurocognitive impairment

Due to the well-established link between ionizing radiation and the induction of apoptotic 

cell death via p53, we next sought to determine if age-dependent changes in apoptosis 

sensitivity in neural cells may underlie the differences in xRT-induced NI. We have 

previously reported that apoptotic priming (proximity to the apoptotic threshold) is a critical 

determinant of whether a cell will commit to apoptosis when pro-apoptotic signals are 

produced by cell damage or stress (18,50–53). Apoptotic priming is determined by the 

expression levels and interactions of the BCL-2 family proteins that control mitochondrial 

apoptosis and can be measured using BH3 profiling. In our previous studies, BH3 profiling 

showed that young brain tissue, which is undergoing extensive remodeling and synaptic 

pruning postnatally, is highly primed for apoptosis and is consequently highly sensitive to 

ionizing radiation (18). Importantly, apoptotic priming is reduced during the first weeks of 

murine life and the tissue becomes apoptosis refractory by adulthood, supporting resistance 

to apoptotic stimuli including IR. However, although our previous studies showed that 

apoptosis is dynamically regulated during brain development and maturation (from embryo 

to adult), they did not directly compare priming among the various neural cell types and 

it is therefore unclear which cells in the brain are most vulnerable to stress-induced cell 

death at which ages. To address this question, we utilized BH3 profiling on freshly collected 

neural tissue from mice across ages to compare mitochondrial apoptotic priming in relevant 

cell types and how it may change during the transition into adulthood. BH3 profiling 

showed that apoptotic priming in immature and migrating cortical neurons (PSA-NCAM+) 

decreases sharply during early postnatal life (Figure 3A–B), as evidenced by the decrease 

in sensitivity to the pro-apoptotic BIM BH3 peptide at several doses and the combined area 

under the curve (log AUC). Astrocytes (GFAP+) followed a similar trend in priming but 

were more primed than neurons at every time point examined. Notably, neural progenitor 

cells (CD133+) were not only more primed at P0 but also remained primed during the first 

five weeks of life, suggesting that this population of cells is most vulnerable to pro-apoptotic 

stimuli of those we evaluated and maintains that vulnerability for a longer developmental 

duration.
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To further understand the baseline level of priming and changes associated with 

differentiation, neurons and astrocytes were differentiated in vitro from neonatal, infant 

and adolescent brain stem cells (Figure 3C). After two days of differentiation, we found 

that astrocytes isolated from P7 animals were significantly more primed than neurons, 

mimicking the data seen from freshly isolated cells (Figure 3A–B). In vitro differentiation 

of astrocytes and neurons again demonstrated an age-dependent decrease in priming (Figure 

3C).

We reasoned that the decreases in apoptotic priming across the major cell types we 

examined would be driven by changes in expression of BCL-2 family proteins that 

control the mitochondrial apoptosis pathway. To uncover these potential changes, we used 

previously published single-cell RNA sequencing data to examine expression of apoptosis-

associated genes in the developing hypothalamus (36). Expression of apoptosis genes 

was relatively consistent in NPCs during mid to late embryogenesis with only minor 

variation in expression of Bax and Bcl2 observed (Figure 3D). However, hypothalamic 

neurons exhibited temporal changes in expression of several key apoptosis genes including 

pro-apoptotic Bax and Bad, pro-survival Bcl2l1 and the inhibitor of IAP proteins Xiap. 

Particularly notable was the regulation of the pore-forming Bax, which was highly expressed 

in neurons in late embryonic development and strongly downregulated by adulthood (P45). 

Interestingly, almost all apoptosis genes, pro-apoptotic and pro-survival as well as those 

associated with initiation as well as execution of apoptosis, ceased to be expressed in 

adult neurons, suggesting that the apoptosis pathway is largely abandoned in these cells. 

Astrocytes also downregulated Bax postnatally but retained higher expression of this gene as 

well as Bcl2 in adulthood – these results were consistent with the somewhat higher priming 

evident in astrocytes as compared with neurons (Figure 3A–C). Contrasting with neurons 

and astrocytes, oligodendrocytes increased expression of pro-apoptotic genes including Bax, 
Bad and Bak1 postnatally with their highest expression being evident at P14 followed by 

a slight downregulation by P45. Although our BH3 profiling analysis did not measure 

apoptotic priming in oligodendrocytes, these data suggest that they maintain a higher level 

of apoptotic competency than other major cell types in the adult brain and consequently 

maintain higher sensitivity to damage or stress.

The particularly dynamic expression of Bax in neurons suggested that it was being 

regulated by upstream factors associated with developmental processes. To further explore 

this, we performed gene set enrichment analysis of genes differentially expressed by Bax-

positive neurons and found that Myc target genes were significantly enriched as well 

as genes associated with oxidative phosphorylation, DNA repair, reactive oxygen species 

and mTORC1 signaling (Figure 3E–G). These gene sets are associated with growth, 

proliferation, protein translation and highly active mitochondrial respiration, suggesting that 

these processes either increase apoptotic stress or that apoptotic sensitivity is specifically 

maintained in cells that are actively proliferating or capable of doing so, presumably to 

facilitate deletion in case of dysfunction or superfluity.

We next tested whether these changes would be evident at the protein level by 

performing immunoblotting for apoptosis-regulating proteins on mouse brain tissue from 

key developmental time points. We confirmed that BCL-2 family proteins are dynamically 
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regulated during postnatal brain development and detected decreases in pro-apoptotic 

BIM and the pore-forming BAX (Figure 3H). We also noted decreases in expression 

of pro-survival proteins BCL-2 and MCL-1 while long-term expression of BCL-XL was 

maintained. The most notable changes in apoptosis-regulating protein expression occurred 

early in life, prior to P21, and were also accompanied by decreases in expression of 

apoptosis execution proteins caspase 3 and APAF-1. These changes confirm there is an 

active rewiring of the apoptosis pathway during postnatal brain maturation and broad 

suppression of apoptosis in the mammalian brain by adulthood via loss of BAX expression 

and other apoptosis-associated proteins.

These changes in priming and BCL-2 family proteins suggested that cells in the young 

brain would more readily undergo apoptotic cell death in response to damage or stress. We 

next sought to confirm that DNA damage induced by ionizing radiation treatment produces 

pro-apoptotic signaling. We therefore BH3 profiled cells 8–72 hours after a single treatment 

with 8 Gy IR. Notably, we detected increased priming in both astrocytes and neurons (Figure 

3I), confirming that IR-induced DNA damage produces apoptotic signaling in neural cells. 

Further measurements over a 72-hour time course showed that apoptotic priming peaks 

shortly after irradiation (evident within 8 hours) and is subsequently reduced over the course 

of 72 hours. Interestingly, although priming in astrocytes returned to baseline by 48 hours 

after irradiation, it remained elevated above baseline levels for the full 72-hour time course 

in neurons.

To investigate the mechanisms driving differential responses to IR treatment at different 

developmental ages, we measured changes in apoptosis-related proteins in response to IR 

treatment. We first confirmed that IR induces apoptotic cell death in the young brain by 

detecting cleaved caspase 3 at 4–8 hours post xRT (Figure 3J–K) and by measuring caspase 

3 and 7 activity directly (Figure 3L). Importantly, this effect was dependent on p53 as IR 

failed to induce activation of caspases 3/7 in neonatal brain tissue from Trp53 −/− mice 

(Figure 3L) with heterozygous mice exhibiting an intermediate level of caspase activation. 

Consistent with our previous report (18), 8 Gy IR did not induce apoptosis in adult brain 

tissue as measured by caspase 3/7 activation and apoptosis was reduced in an age-dependent 

manner (Figure 3J–K). We previously reported that expression of BAX in the neonatal 

brain was transcriptionally driven by c-Myc (18), which was consistent with differences we 

detected in c-Myc expression between the young and adult mice (Figure 3J). Unexpectedly, 

we also saw that c-Myc was upregulated shortly after irradiation in the adult brain, which is 

potentially responsible for the slight increase in BAX expression evident in irradiated adult 

tissue. We also detected an increase in the cleavage of PARP, a substrate for active caspase 3, 

in irradiated neonatal but not adult tissue. Interestingly, PARP was expressed predominantly 

as a cleaved fragment in the adult brain regardless of treatment status. Overall, these changes 

are consistent with the degree of apoptosis induced by xRT at various ages being linked to 

the extent of resulting NI.
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Effects of BAX loss on xRT-induced molecular, biochemical and histological effects in the 
immature brain

Based on our single-cell RNAseq and immunoblotting results, we hypothesized that BAX 

loss would protect the neonatal brain from xRT-induced apoptosis. To test this, we irradiated 

P1 Bax +/+ and Bax −/− animals and examined molecular responses. We found that p21 and 

PUMA are both upregulated shortly after IR treatment in both genotypes, confirming similar 

dynamics of p53 activation (Figure 4A). We also detected high levels of cleaved caspase 

3 in Bax +/+ but not Bax −/− animals, confirming prevention of apoptosis. Interestingly, 

we observed major differences in expression of pro-apoptotic tBID, which we and others 

have shown is necessary for maximal induction of apoptosis in response to genotoxic 

damage (54,55). We found that full length BID is rapidly cleaved (forming active, truncated, 

pro-apoptotic tBID) in response to 8 Gy IR in neonatal Bax +/+ brain tissue as indicated 

by the loss of full length BID (Figure 4A) and also the detectable accumulation of tBID 

at 4 hours post IR. BID can be cleaved by several caspases including active caspase 8 

downstream of death receptor activation as well as active effector caspase 3 that can be 

activated by caspase 9 downstream of MOMP or active caspase 8. Cleaved BID participates 

in a feed-forward loop (56) that helps to ensure that initialization of apoptosis results in full 

commitment to cell death via this pathway – this is important as several groups have shown 

that partial cytochrome c release (referred to as “minority MOMP”) does not necessarily 

commit a cell fully to apoptosis (57–59). Notably, we found that BID cleavage was not 

detected in Bax −/− brain tissue post irradiation, suggesting that BID cleavage is driven by 

the mitochondrial amplification loop involving caspase 9 and caspases 3/7. To determine 

the extent to which BID is required for apoptosis execution in immature brain tissue, we 

measured caspase activation in irradiated brain tissue from Bid −/− animals and found that 

loss of BID eliminated radiation-induced apoptosis (Figure 4B). The involvement of BID in 

radiation-induced apoptosis was further confirmed by detecting reduced radiation-induced 

apoptosis in Bid −/− mouse embryonic fibroblasts compared with WT (Figure 4C–D) and 

when transiently transfecting cells with siRNA for Bid compared to non-targeting control 

(Figure S1K).

Members of the BCL-2 family of proteins generally have additive effects on the promotion 

or suppression of apoptosis. Based on this, we hypothesized that loss of pro-apoptotic 

BIM (encoded by Bcl2l11) would also contribute to radiation resistance. Indeed, we 

detected a reduction in radiation sensitivity in cerebellar granule neural precursor cells 

in Bcl2l11 knockout mice (Figure 4E), suggesting that reducing apoptotic priming by 

lowering expression of pro-apoptotic protein expression or by increasing pro-survival 

protein expression would yield a similar survival benefit.

Taken together, these data suggest that xRT initially activates p53 in young neural cells, 

leading to the upregulation of p53 targets including pro-apoptotic PUMA. PUMA may then 

either activate BAX via a direct interaction or indirectly by inhibiting pro-survival proteins 

to free BIM. BAX is only activated in highly primed immature neural cells and causes 

initial, sub-maximal release of cytochrome c. Due to the low expression of XIAP in the brain 

(18) and the highly primed state of these immature cells, caspase 9 and then caspase 3 are 

activated, albeit at sub-maximal levels that are insufficient to fully commit cells to apoptosis. 
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However, caspase 3 then cleaves available BID to activate the feed-forward loop to ensure 

apoptosis completion (see Discussion).

Preventing neurotoxicity by blocking BAX-mediated apoptosis

Apoptosis plays an important role in postnatal brain development and maturation by 

supporting neuronal pruning (60). Multiple reports have shown that BAX is the dominant 

pore-forming effector protein involved in this process and that BAX loss can reduce pruning 

(61) and, importantly, also reduce radiation-induced apoptosis (18). However, no studies 

have addressed how apoptosis blockade modulates cell fates in response to xRT or affects 

long-term survival and neurocognitive function post cranial xRT in pediatric mouse models. 

These are critically important for establishing the potential therapeutic utility of apoptosis 

suppression for prevention of radiation-induced impairment in pediatric CNS tumor patients 

or other high-dose exposure settings. To address this, we compared xRT-induced changes in 

cell fates and neurocognitive performance in Bax +/+ versus Bax −/− mice.

We first measured the extent to which BAX loss can directly prevent the death of neural cells 

in response to IR at a young age by immunostaining brain tissue from sham- or xRT-treated 

neonatal Bax +/+ and Bax −/− mice for cleaved caspase 3 and markers for cells of interest. 

As expected, we detected cleaved caspase 3, indicative of caspase activation, in GFAP+ 

astrocytes across multiple regions of the xRT-treated brain including highly neurogenic 

niches such as the dentate gyrus and CA3 (Figure 4F–G). Importantly, we found that BAX 

loss prevents apoptosis in astrocytes across those same regions, reducing cleaved caspase 3 

signals to background levels across nearly all regions (Figure 4G). We repeated this analysis 

with the MAP2 marker to measure levels of apoptosis induced in neurons. We again noted 

extensive cleaved caspase 3 positivity in irradiated Bax +/+ brain tissue as compared with 

sham (Figure 4H–I), which was almost completely abrogated in Bax −/− animals, including 

in neurogenic niches. Finally, BH3 profiling of neural stem cells (CD133+) and astrocytes 

(GFAP+) from P2 animals showed that loss of Bax strongly reduces, but does not completely 

eliminate, cytochrome c release in response to pro-apoptotic BH3 peptides (Figure 4J). 

These results indicate that although BAX is the dominant pore-forming protein in neural 

cells within the early postnatal brain, BAK also does play a role in initiating apoptosis. This 

is consistent with our earlier findings showing that BAX loss was more protective against 

ionizing radiation-induced apoptosis than loss of BAK but that combined loss of both BAX 

and BAK was necessary to fully block neural cell death (18).

We next sought to test how BAX loss impacted long-term survival, brain integrity and 

neurocognition post xRT. We first found that while irradiated Bax +/+ animals had 

significantly worse survival compared with sham controls, Bax −/− mice did not exhibit 

a significant decrease in survival (Figure 5A–B). Consistent with our immunofluorescence 

findings, histological analysis of irradiated Bax +/+ and Bax −/− brain tissue revealed 

differences in the severity of damage induced by xRT compared with sham controls. 

Specifically, irradiated Bax +/+ mice exhibited signs of neuronal cell death, compromised 

hippocampal integrity and loss of the granule cell layer (Figure 5C–D). This was particularly 

evident in the dentate gyrus and sub granular zones – the regions where adult neurogenesis is 
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typically most active. In contrast, Bax −/− animals exhibited reduced neural cell loss in these 

regions as a result of apoptosis prevention.

To elucidate the types of cells preferentially lost in response to xRT, we stained irradiated 

brain sections from the hippocampus (Figure 5E–F), amygdala (Figure S2A–B) and 

perirhinal cortex (Figure S2C–D) for cleaved caspase 3 as well as SOX2 (expressed 

preferentially in neural stem cells (62)) or NG2 (expressed preferentially in glial progenitor 

cells (63)) from P4 animals. We focused on these brain regions due to their links with 

the neurobehavioral outcomes we were assessing including the hippocampus, which has a 

major role in learning and memory (41,64), the amygdala, which controls emotion and fear 

(65,66), and the perirhinal cortex, which supports object recognition (67). We found that 

both SOX2- and NG2-expressing cells underwent apoptosis in response to xRT within the 

hippocampus, with SOX2+ cells dying at higher rates (approx. 50% positive for cleaved 

caspase 3) than those that were NG2+ (approx. 17%) (Figure 5G). Interestingly, we did 

not detect significant levels of apoptosis within either of these cell populations within the 

amygdala. In the perirhinal cortex, we again detected cells undergoing apoptosis in response 

to xRT, with SOX2+ cells exhibiting slightly higher rates of apoptosis compared with NG2+ 

cells. All neural cell types were protected from xRT-induced apoptosis in Bax −/− animals, 

consistent with the dominant role this protein has in maintaining apoptotic priming (Figure 

4J) and mediating neural cell apoptosis (18).

Behaviorally, irradiated Bax −/− mice exhibited improved ambulation and decreased 

immobility compared with irradiated Bax +/+ litter mates (Figure 6A). As seen previously, 

the Bax +/+ animals did experience some improvement in exploration after three months 

of recovery, with reduced pausing behavior (Figure 6A–C). In contrast,' irradiated Bax 
−/− mice spent similar amounts of time exploring inner and outer zones and reduced 

immobile time at even 30 days post xRT and continued to exhibit improvement throughout 

the experimental period, suggesting that prevention of apoptosis had short-term as well as 

long-term beneficial effects. Light/dark box testing showed similar results: irradiated Bax 
−/− animals exhibited reduced impairment at 30 days post treatment and recovered to sham-

treated levels by 3 months while irradiated Bax +/+ animals did not (Figure 6D). Rotarod 

testing of animal ambulation demonstrated that irradiated Bax +/+ mice had an impaired 

gait and grip that improved slightly by 6 months while irradiated Bax −/− mice showed 

no xRT-induced impairment across all time periods tested (Figure 6E), although rotarod 

performance was noted to be reduced in sham-treated Bax −/− mice compared with Bax 
+/+. Evaluation of learning and memory via NORT also demonstrated the protective effects 

of BAX loss: irradiated Bax −/− mice exhibited a shorter period of learning and memory 

impairment that was less also less intense than litter-matched Bax +/+ animals (Figure 

6F). Additional long-term learning, memory and synaptic plasticity tests demonstrated that 

irradiated Bax −/− mice had improved object novelty recognition (Figure 6G) and improved 

task learning (Figure 6H) than irradiated Bax +/+ litter mates. Tail suspension and forced 

swim tests again showed that xRT increases despair and depressive-like behavior (Figure 6I–

J) that was detected even after 6 months of recovery in Bax +/+ animals. Interestingly, Bax 
−/− animals also exhibited these depression-like behaviors after irradiation but demonstrated 

improved recovery compared to Bax +/+ mice, especially in the tail suspension test. Parallel 

studies performed with a reduced dose of irradiation (1.8 Gy xRT) demonstrated similar 
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neuroprotection in Bax knockout animals (Figure S3A–H). When evaluating responses 

between sexes, we detected comparable levels of xRT-induced NI in male and female mice, 

which was similarly ameliorated by Bax loss (Figure S4A–C). Finally, using a fluorescence-

based multiplex flow-cytometric host cell reactivation assay (FM-HCR) that measures the 

ability of cells to repair damaged plasmid reporters (34), we confirmed that BAX loss 

does not affect DNA repair capacity (Figure S5A–C), suggesting that blocking apoptosis by 

targeting this protein would not preclude DNA repair post xRT.

Our composite scoring system demonstrated that Bax −/− mice were strongly protected from 

xRT-induced NI with most categories of neural function not significantly impaired by 4 Gy 

except D/D (Figure 6K–L). Interestingly, L/M scoring showed that although L/M were both 

impacted early after xRT in both genotypes, the Bax −/− animals recovered more quickly 

and had significantly improved L/M by 90 days (Figure 6M). Taken together, our results 

indicate that xRT produced neurobehavioral changes in Bax −/− mice that were reduced in 

intensity and resolved more quickly compared with irradiated Bax +/+ controls.

Discussion

Currently, there are no therapies that effectively treat long-term xRT-induced NI in 

childhood brain tumor survivors. This is largely due to our poor understanding of the 

major drivers of this neurotoxicity (68). In particular, the lack of clarity on the molecular 

mechanisms and key cell types involved has been a major impediment to development of 

optimized treatment strategies, as has the lack of a rigorous and reproducible mouse model 

of age-dependent effects. Our findings elucidate the molecular regulators of IR response 

in the developing brain and uncover the prominent role of apoptosis induction in driving 

acute cell loss as well as consequent long-term neurobehavioral deficits. Further, our novel 

mouse modeling, including comprehensive assessment of the dose- and age-dependence of 

xRT-induced effects, provides a platform for future studies evaluating the neuroprotective 

effects of novel agents and treatment strategies as well more rigorous examination of NI 

induced by other injuries and agents across the age spectrum. It is important to note that 

medulloblastoma is typically treated with daily fractions of 1.8 Gy (11), which is lower 

than some of the higher doses (4 and 8 Gy) used here. However, as mentioned above, the 

total craniospinal irradiation dose administered to these patients is typically 23.4 Gy with a 

54–55.8 Gy boost to the posterior fossa, which are far higher than those used herein. Also, 

although it would be ideal to replicate the 1.8 Gy fractionation schedule in our mouse model, 

administering repeated doses of xRT to anesthetized neonatal animals was not possible.

While the neurotoxic effects of ionizing radiation depend on the total dose, age at time 

of treatment, fractionation schedule, and volume treated, there is evidence to suggest that 

differential radiation sensitivity exists within various CNS sub-compartments and cell types 

at critical developmental time points. Previous work has shown that the neonatal brain is 

exquisitely sensitive to apoptotic signaling and that this sensitivity decreases throughout 

childhood, eventually reaching an apoptosis refractory state by adulthood (18). Herein, we 

specifically identify CD133+ neural progenitor cells within the DG and Cornu Ammonis 3 

(CA3) regions as being highly primed for apoptosis in young brain tissue and, consequently, 

hypersensitive to clinically relevant doses of xRT. The loss of these cells causes deficits in 
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learning, memory, anxiety and exploration that we identified across our battery of tests and 

mirror the radiation-induced cognitive impairment observed clinically in timing and severity. 

The neurobehavioral deficits we observed post xRT demonstrate substantial disruption of 

learning and memory processes stemming from increased apoptosis in neurogenic niches 

– this impairs the hippocampal neurogenesis and synaptic plasticity necessary for higher 

cognitive function. These impairments were not present in adult animals, which is consistent 

with the apoptosis refractory nature of the adult brain and the near complete absence of 

radiation-induced apoptosis in our studies.

Although we anticipated some protective effects of apoptosis prevention via BAX loss for 

long-term NI post xRT, the breadth and scale of protection was beyond our expectations. 

The dramatic mitigating effects and recovery observed in Bax −/− animals are likely 

facilitated by the survival of neural progenitor pools, which likely maintain higher levels 

of hippocampal neurogenesis than WT animals and the positive influence of immature and 

hyperexcitable granule cell neurons upon the cortex-hippocampal circuitry. The persistence 

of these mitigating effects in Bax −/− animals even after 6–9 months post xRT demonstrates 

that apoptosis blockade is likely to be effective at preventing NI in the short- and long-term. 

Note that although the apoptosis inhibition afforded by Bax deletion is strong, it is not 

complete given that neural cells can also express the apoptosis effector BAK, albeit typically 

at much lower levels. We expect that complete inhibition of apoptosis via elimination of 

both effectors would produce even higher levels of neuroprotection and further improved 

outcomes. Clearly, the propensity to die via apoptosis can be a powerful determinant 

of cellular fate post damage or stress induction and protecting cells from apoptosis can 

be highly protective against cancer therapy-induced toxicity in pediatric models, as has 

been previously reported for doxorubicin-induced cardiotoxicity (18). Intriguingly, genome-

wide association studies have uncovered certain gene polymorphisms associated with 

improved neurocognitive outcomes for pediatric patients treated with xRT (69,70) – these 

polymorphisms may potentially modulate the apoptotic susceptibility of neural cells to exert 

their protective effects. Finally, we believe our models and findings are applicable to other 

neurotoxic agents that are particularly damaging to children including anesthesia (71) and 

metals (72).

Based on our results and current model for xRT-mediated apoptosis in the immature brain 

(Figure S6A–B), the transient pharmacologic inhibition or reduction of PUMA, tBID, BIM 

or BAX in neural progenitor cells in patients undergoing brain xRT would ameliorate NI 

and improve outcomes. However, the inhibition of these pro-apoptotic proteins in patients 

with CNS or other tumors would be expected to also impede tumor responses to therapy 

due to the vital role of apoptosis in tumor regression post xRT (73). Thus, treatment 

strategies that specifically block mitochondrial apoptosis in normal neural cells but not 

tumor cells are necessary. Our results showing clear age- and differentiation-dependent 

decreases in apoptotic priming suggest that altering differentiation state via pharmacologic 

or other means would be accompanied by decreased BAX expression and reduced xRT-

induced apoptosis in normal cells to improve cognitive outcomes. However, the 1.8 Gy 

daily fractions delivered over a period of several weeks complicate this strategy since a 

neuroprotective agent would need to be active during this entire protracted timespan. On 

the other hand, because xRT for pediatric brain tumors is administered in these daily 
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fractions, comparing temporal apoptotic signaling dynamics in irradiated cells may uncover 

differences that can be leveraged to optimize patient outcomes. Indeed, the differences we 

detected in apoptotic priming post xRT in astrocytes and neurons indicate that the apoptotic 

sensitization induced by ionizing radiation remains present for varying durations in different 

CNS cell types – this finding may aid the development of treatment regimens that can take 

advantage of temporal differences in apoptotic signaling induced by xRT in healthy neural 

cells versus CNS tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance:

Age- and differentiation-dependent apoptotic priming plays a pivotal role in 

driving radiation therapy-induced neurocognitive impairment and can be targeted for 

neuroprotection in pediatric patients.
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Figure 1: Moderate/high dose (8Gy) brain irradiation induces cognitive deficits and delay in 
learning and memory in surviving neonates.
(A) Overall design of studies evaluating effects of age and apoptosis inhibition on xRT-

induced neurocognitive impairment and neural cell death. (B) Overall survival of mice 

treated with 8 Gy CT-guided, whole-brain irradiation. (C) xRT-induced changes in body 

weight. (D-E) Anxiety and exploration (A/E) as well as motor activity (Mot) was assessed 

using the Open Field test at 30 (D) and 60 (E) days post treatment. (F) Rearing behavior 

(A/E, Mot) assessed at indicated number of days post treatment. (G-H) A/E and Mot was 

assessed by counting crossings (G) between light and dark chamber and time spent in light 

chamber (H) at indicated number of days post treatment. (I-J) Mot was assessed by rotarod 
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test at indicated number of days post treatment by counting number of falls (I) and latency 

to first fall (J). (K) Y maze was used to assess learning and memory (L/M) at indicated 

number of days post treatment by timing the duration of animal exploration of novel arm 

of maze. (L) Novel Object Recognition Test (NORT) was used to assess L/M by testing the 

ability of the animal to discriminate between novel and familiar objects at indicated number 

of days post treatment. (M) Depression and despair-like behavior (D/D) was assessed using 

the tail suspension test by timing the duration of animal immobility (freezing) during a 

5-minute test period. (N) Neurobehavioral composite scoring indicates the significance of 

differences in indicated behavior types at indicated time post xRT. (O) Histology of brain 

sections of indicated regions 60 days after 8 Gy xRT. Scale bars are 100 μm. (P-Q) Overall 

survival (P) and weight (Q) of mice irradiated at P3-P6 with indicated dose of CT-guided 

brain xRT. Unless otherwise specified, each point on charts represents results from one 

animal in that treatment group, averaged over the number of tests performed as described 

in methods. Unless otherwise specified, comparison between groups was conducted by 

one-way or two-way ANOVA followed by Holm-Sidak’s post-hoc multiple comparisons test 

(MCT). (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Figure 2: Effects of brain xRT are age- dependent.
(A) Overall survival of animals treated with 4 Gy CT-guided, whole-brain xRT at indicated 

ages. Body (B) and brain (C) weight of mice treated with 4 Gy xRT at indicated ages. (D) 

Anxiety, exploration and motor activity was assessed in animals treated at indicated ages 

using Open Field test 30 days post treatment. (E) Rearing behavior assessed at 30 days post 

treatment. (F) Anxiety was assessed by comparing time spent in light chamber in animals 

treated at indicated ages. (G) Motor activity was assessed by using the rotarod test in 

animals treated at indicated age. at indicated number of days post treatment. (H) Y maze was 

used to assess learning and memory in animals treated at indicated ages by comparing time 

spent in novel arm. (I) Novel Object Recognition Test (NORT) was used to assess learning 

and memory by testing the ability of animals to discriminate between novel and familiar 

objects. (J-K) Depression and despair-like behavior was assessed using the tail suspension 
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and forced swim tests by timing the duration of animal immobility (freezing) during a 

5-minute test period. (L) Neurobehavioral composite scoring indicates the significance of 

differences in neurobehavioral impairments in animals irradiated at indicated ages. (M) 

Histology of brain sections of indicated regions 60 days after 4 Gy xRT in animals treated 

at indicated ages. Scale bar is 100 μm. Unless otherwise specified, comparison between 

groups was conducted by one-way or two-way ANOVA followed by Holm-Sidak’s post-hoc 

multiple comparisons test (MCT). (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Figure 3: Mechanism of xRT-induced neurocognitive impairment.
(A) BH3 profiling of neural stem cells (CD133+), astrocytes (GFAP+) and neurons (PSA-

NCAM+) isolated from mice of indicated ages. (B) Comparison of priming in indicated cell 

types isolated from brain tissue from P5 animal. (C) BH3 profiling of astrocytes and neurons 

cultured from neural stem cells collected at indicated ages. (D) Expression of mitochondrial 

apoptosis-associated genes in indicated cell types from mid embryogenesis to adulthood. (E) 

Gene set enrichment analysis on BAX-expressing hypothalamic neurons. (F-G) Enrichment 

plots for Myc target genes and genes associated with oxidative phosphorylation in BAX-

expressing neurons. (H) Immunoblotting for BCL-2 family proteins in brain tissue isolated 

from animals of indicated ages. Relative molecular weight markers are shown on left for all 
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immunoblots. (I) BH3 profiling of in vitro cultured astrocytes and neurons treated with 8 

Gy ionizing radiation for the indicated time period. (J) Immunoblotting for BCL-2 family 

proteins in neonatal (P1) or adult (P124) brain tissue after 8 Gy IR treatment in vivo for 

indicated time period. (K) Immunoblotting for markers of apoptosis in brain tissue collected 

from animals irradiated at indicated age for indicated time period. (L) Caspase 3/7 glow 

assay measuring caspase 3/7 activity in brain tissue collected from animals of indicated 

genotype 5 hours after 8 Gy xRT treatment. Unless otherwise specified, comparison between 

groups was conducted by one-way or two-way ANOVA followed by Holm-Sidak’s post-hoc 

multiple comparisons test (MCT). (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Figure 4: BAX ablation protects from xRT-induced apoptosis in neural stem and progenitor cells.
(A) Immunoblotting for BCL-2 family proteins in Bax +/+ or Bax −/− P1 animals at 

indicated time period after 8 Gy xRT. (B) Caspase 3/7 glow assay measuring caspase 3/7 

activity in Bid +/+ and Bid −/− animals in cortex and hippocampus regions of brain 5 

hours after 8 Gy xRT. (C) Representative flow cytometry plots of viability analysis of 

MEFs of indicated genotype 48 hours after irradiation. (D) Summary of viability analysis 

performed in MEFs of indicated genotype 48 hours after irradiation with indicated doses. 

(E) BIM contributes toward the radiation-sensitivity of CGNPs, as Bim−/− mice have 

decreased numbers of apoptotic cC3+ cells following radiation treatment (2 Gy, 3hrs 

post treatment) when compared to controls. (F) Representative images of whole brain 
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sections immunostained for indicated markers (DAPI, GFAP, cleaved caspase 3). Scale 

bars are 200 μm. (G) Quantification of cells positive for cleaved caspase 3 and GFAP in 

indicated brain regions. (H) Representative images of whole brain sections immunostained 

for indicated markers. Scale bars are 200 μm (I) Quantification of cells positive for cleaved 

caspase 3 and MAP2 in indicated brain regions. Values presented are means+SD from 2–3 

separate experiments. All groups were compared with two-way ANOVA with Holm-Sidak’s 

adjustment. (J) BH3 profiling of P2 mouse brain tissue from Bax +/+ and −/− animals with 

stains for nucleated cells (DAPI+), neural stem cells (CD133+) and astrocytes (GFAP+). 

Unless otherwise specified, comparison between groups was conducted by one-way or 

two-way ANOVA followed by Holm-Sidak’s post-hoc multiple comparisons test (MCT). 

(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Figure 5: Knockout of BAX reduces xRT-induced mortality and neurodegeneration.
(A) Overall survival of mice of indicated genotypes irradiated at P3-P6. (B) Weight 

measurements of mice of indicated genotypes irradiated at P3-P6. (C) Histology of indicated 

brain regions from Bax +/+ versus Bax −/− animals 180 days after irradiation or sham 

treatment. Arrows indicate areas of reduced or retained cellularity. Scale bars are 100 μm. 

(D) Dentate gyrus areas of mouse brains 8–9 months after indicated treatment. Unless 

otherwise specified, comparison between groups was conducted by one-way or two-way 

ANOVA followed by Holm-Sidak’s post-hoc multiple comparisons test (MCT). (*p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001).

Singh et al. Page 38

Cancer Res. Author manuscript; available in PMC 2024 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: Prevention of radiation-induced neurocognitive impairment by targeting apoptosis.
(A-C) Anxiety and exploration was assessed using open field test of Bax +/+ versus 

Bax −/− mice irradiated at P3-P6 and tested at 30 (A), 90 (B) or 180 (C) days. (D) 

Light-Dark chamber test performed at indicated number of days post xRT. (E) Motor 

function was assessed using the rotarod test performed at indicated number of days post 

xRT. (F) Learning and memory was assessed using novel object recognition test performed 

at indicated number of days post xRT. (G). Learning and memory was assessed using the 

object-location memory test performed at 180 days post xRT. (H) Learning and memory 

was assessed using the Barnes maze test performed at 180 days post xRT. (I-J) Despair and 

depression-like behavior was assessed using tail suspension (I) and forced swim (J) tests 

performed to assess despair and depression in animals at indicated number of days post 

xRT. (K-M) Neurobehavioral composite scoring indicates the significance of differences in 

neurobehavioral impairments in animals irradiated at P3-P6 and tested at indicated period 

after xRT. Unless otherwise specified, comparison between groups was conducted by one-
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way or two-way ANOVA followed by Holm-Sidak’s post-hoc multiple comparisons test 

(MCT). (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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