
Copyright © 2019 Acharya et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Disorders of the Nervous System

New concerns for neurocognitive function
during deep space exposures to chronic, low
dose rate, neutron radiation

https://doi.org/10.1523/ENEURO.0094-19.2019

Cite as: eNeuro 2019; 10.1523/ENEURO.0094-19.2019

Received: 13 March 2019
Revised: 8 July 2019
Accepted: 16 July 2019

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



New concerns for neurocognitive function during deep space exposures to 1 
chronic, low dose rate, neutron radiation 2 

 3 
CNS dysfunction after chronic space irradiation 4 

5 
M. M. Acharya1,*, J. E. Baulch1,*, P. M. Klein2.*, A. A. D. Baddour1, L. A. Apodaca1, E.A. 6 
Kramár3, L. Alikhani1, C. Garcia Jr1, M. C. Angulo1, R. S. Batra1, C. M. Fallgren4, T. B. 7 

Borak4, C. E. L. Stark3, M. A. Wood3, R. A. Britten5
,
 I. Soltesz2 and C. L. Limoli1 8 

 9 
1Department of Radiation Oncology, University of California, Irvine, CA, USA 10 
2Department of Neurosurgery, Stanford University, CA, USA 11 
3Department of Neurobiology and Behavior, University of California, Irvine, CA, USA 12 
4Department of Environmental and Radiological Health Sciences, Colorado State 13 

University, Fort Collins, CO. 14 
5Department of Radiation Oncology, Eastern Virginia Medical School, Norfolk, Virginia, 15 
USA 16 
*Equal contribution 17 

18 
Author contributions 19 
 20 
MMA, JEB, RAB, IS, and CLL Designed Research; MMA, JEB, PMK, AADB, LA, EAK, 21 

LA, CG, MCA, RSB and CMF Performed Research; MMA, JEB, PMK, EAK, TBB, IS, 22 

and CLL Contributed Analytic Tools; MMA, JEB, PMK, EAK, and RAB Analyzed Data; 23 

MMA, JEB, PMK, EAK, CELS, MAW, RAB, IS, and CLL Wrote the paper 24 

25 
Corresponding author: 26 
Prof. Charles L. Limoli 27 
Department of Radiation Oncology 28 
University of California Irvine 29 
Medical Sciences I, Room B-146B 30 
Irvine CA 92697-2695, USA. 31 
Phone: (949) 824-3053 32 
Fax: (949) 824-3566 33 
E-mail: climoli@uci.edu 34 
 35 
Number of Figures: 5 36 
Number of Tables: 3 37 
Number of words Abstract: 159 38 
Number of words Significance Statement: 102 39 
Number of words Introduction: 466 40 
Number of words Discussion: 1,523 41 
 42 



2

 43 
Acknowledgments/Funding sources: This work was supported by UCI Institute for 44 

Clinical and Translational Sciences (ICTS) KL2 training award KL2TR001416 (MMA), 45 

NASA Specialized Center of Research (NSCOR) grant NNX15AK13G for funding the 46 

neutron irradiator and NASA Specialized Center of Research (NSCOR) grant 47 

NNX15AI22G (RAB, IS, CLL). 48 

 49 
Conflict of interests: Authors report no conflict of interest. 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
 65 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 76 
 77 
 78 
 79 
 80 
 81 
 82 
 83 



3

Abstract 84 

As NASA prepares for a mission to Mars, concerns regarding the health risks 85 

associated with deep space radiation exposure have emerged. Until now, the impacts of 86 

such exposures have only been studied in animals after acute exposures, using dose 87 

rates approximately 1.5 105 higher than those actually encountered in space. Using a 88 

new, low dose rate neutron irradiation facility, we have uncovered that realistic, low 89 

dose rate exposures produce serious neurocognitive complications associated with 90 

impaired neurotransmission. Chronic (6 month) low dose (18 cGy) and dose rate (1 91 

mGy/day) exposures of mice to a mixed field of neutrons and photons result in 92 

diminished hippocampal neuronal excitability and disrupted hippocampal and cortical 93 

long-term potentiation. Furthermore, mice displayed severe impairments in learning and 94 

memory, and the emergence of distress behaviors. Behavioral analyses showed an 95 

alarming increase in risk associated with these realistic simulations, revealing for the 96 

first time, some unexpected potential problems associated with deep space travel on all 97 

levels of neurological function.  98 
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Significance Statement 99 

Simulating the space radiation environment to date has been limited by available 100 

technology and restricted by the practicalities of implementing protracted terrestrial-101 

based exposures. Now through the use of a new neutron irradiation facility, capable of 102 

simulating the realistic low dose rates found in deep space, we have uncovered striking 103 

neurobehavioral and electrophysiological defects in rodents subjected to continuous (6 104 

month) low dose rate (1 mGy/day) neutron exposures. This study represents the first to 105 

document the significant adverse consequences of space relevant radiation dose rates 106 

on the brain, and points to the heightened risks associated with NASA’s upcoming plans 107 

for travel to Mars. 108 



Introduction 109 

Exposure to the deep space radiation environment poses many potential risks to 110 

the health of astronauts, but none may be more concerning than the adverse effects of 111 

exposure to energetic charged particles on CNS function. Research from multiple labs 112 

has now provided convincing evidence that exposure to space relevant fluences of 113 

multiple types and combinations of charged particles causes impairments on a range of 114 

behavioral tasks administered to rodents (Rabin et al., 2011; Britten et al., 2012; Cherry 115 

et al., 2012; Haley et al., 2013; Davis et al., 2015; Parihar et al., 2015c; Whoolery et al., 116 

2017; Carr et al., 2018; Parihar et al., 2018). One of the significant caveats to such past 117 

studies is the relatively high dose rates with which the radiation was delivered, orders of 118 

magnitude higher than that expected to be encountered during deep space travel (i.e. 119 

~1 mGy/day) (Zeitlin et al., 2013; Cucinotta et al., 2014). 120 

While practical limitations have largely prohibited the acquisition of data collected 121 

at space-relevant dose rates, the recent development of a new, low dose rate neutron 122 

facility has now provided the capability to more faithfully simulate those low dose rates. 123 

With this capacity, studies can now be conducted to more accurately estimate certain 124 

CNS risks to astronauts that will be associated with deep space travel, such as to Mars. 125 

Chronic neutron irradiation closely recapitulates the charged particle risks that 126 

astronauts will experience during voyages beyond Earth’s magnetosphere. Although 127 

neutrons occur with relatively low fluence in free space relative to other charged 128 

particles, galactic cosmic radiation (GCR) collisions with the shielding material of a 129 

spacecraft produces a substantial emission of secondary neutrons (Norbury and Slaba, 130 

2014; Nelson, 2016). Importantly, neutrons delivered at very low dose rates from 131 
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ground-based sources (252Cf) possess dose averaged LET similar to HZE particles that 132 

are prevalent in GCR.  Furthermore, due to the inherent contribution from direct and 133 

scattered photons, fast neutrons derived from 252Cf decay also simulate the secondary 134 

ionizations of delta rays emanating from tracks of heavier high energy charged particles 135 

(Chatterjee and Borak, 2001). 136 

Therefore, to further investigate the biological response to irradiation at space 137 

relevant dose rates, we analyzed the effect of GCR-mimetic neutron exposures on CNS 138 

functionality. We find that chronic, low dose rate, neutron irradiation suppresses 139 

neuronal excitability within the hippocampus, disrupts network level long-term 140 

potentiation and produces long-lasting behavioral deficits in mice. Utilization of one risk 141 

modeling approach (Kernel Density Estimation coupled with Numbers Need to Harm) 142 

suggests that the incidence of severe impairments in learning and memory, and the 143 

emergence of distress behaviors may occur in an unacceptably high percentage of 144 

astronauts. Understanding the hazards posed by low dose rate particle radiation to all 145 

levels of the nervous system will enable us to develop improved defensive strategies 146 

and countermeasures to facilitate safe human space exploration.  147 
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Materials and Methods 148 

Neutron irradiation and dosimetry 149 

The neutron irradiation facility consists of approximately 53 m2 of usable space that is 150 

surrounded with concrete shielding. An encapsulated source of 252Cf neutron with an 151 

activity of 1.6 GBq (80 μgm, delivered March 24, 2017), was housed in a Model 149 152 

panoramic irradiator (J.L. Shepherd Inc). During irradiations the source was elevated to 153 

a position 130 cm above the floor. The initial configuration was designed to provide a 154 

total dose rate of 1 mGy per day for up to 900 mice and 60 rats simultaneously. A total 155 

of 18 vertical racks were located on an arc approximately 180 cm from the source. Each 156 

rack can accommodate 10 cages with 5 mice per cage. The irradiation field at the 157 

exposure location consists of direct neutrons from the source and scattered neutrons 158 

from the walls and floor. There was also a component of gamma rays emitted from the 159 

source and scattered photons. Mixed field dosimetry was performed using tissue 160 

equivalent proportional counters (TEPC) to measure neutrons and both a miniature 161 

Geiger-Muller counter and CaF2 thermoluminescent dosimeters to measure photons. 162 

Data from the TEPC provides estimates of the spatial dose rate from neutrons to mice 163 

as well as the patterns of energy deposition in volumes of tissue similar to the size of a 164 

mammalian cell (i.e., lineal energy). 165 

 166 

Animals and irradiations 167 

All animal experimentation procedures described in this study are in accordance with 168 

the guidelines provided by NIH and approved by all Institutional Animal Care and Use 169 

Committees. Animals were maintained in standard housing conditions (20±1°C; 170 
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70±10% humidity; 12 hr:12 hr light and dark cycle) and provided ad libitum access to 171 

standard rodent chow and water. 172 

 173 

A single cohort of 8 month old, wild-type, male mice (C57BL6/J, Jackson Laboratory) 174 

were divided into two experimental groups, neutron-irradiated and concurrent controls 175 

(N=40 mice per group). The mice received a prolonged six-month (180 day) radiation 176 

exposure at a recently established neutron irradiation facility. The facility was equipped 177 

with a 252Cf neutron source, where a total dose rate of ~1 mGy/day was delivered with a 178 

neutron contribution of 80% of the total dose per day and photons contribute 20% at an 179 

approximate distance of 1.8 m from the source.  The daily exposure time required to 180 

deliver 1 mGy/d ranged from 15.9h  to 18.2h to accommodate for radioactive decay of 181 

the source (T½ = 2.65 y).  The source was retracted into the shield for the remaining 182 

time in a day to allow personnel access for animal husbandry.  Concurrent control mice 183 

were similarly housed in an adjacent facility. Following the six-month exposure period, 184 

mice were shipped to respective institutions for follow-up studies. 185 

 186 

Whole cell electrophysiology 187 

At 6 months following completion of neutron irradiation, mice were deeply anesthetized 188 

and rapidly decapitated. Brains were immediately immersed in ice-cold cutting solution 189 

containing (in mM): 85 NaCl, 75 sucrose, 25 glucose, 24 NaHCO3, 4 MgCl2, 2.5 KCl, 190 

1.25 NaH2PO4, 0.5 CaCl2. Coronal slices (300 μm) containing the hippocampus were 191 

prepared using a vibratome (VTS1200, Leica Biosystems). Brain slices were then 192 

incubated in 35°C cutting solution for 1 hour. Prior to recording, brain slices were 193 
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transferred to aCSF consisting of (in mM): 126 NaCl, 26 NaHCO3, 10 glucose, 2.5 KCl, 194 

2 MgCl2, 2 CaCl2, 1.25 NaH2PO4. All solutions were equilibrated with 95% O2/5% CO2. 195 

 196 

Intracellular recordings were performed in a submerged chamber perfused with 197 

oxygenated aCSF at 2.5 ml/min and maintained at 33°C by a chamber heater 198 

(BadController V, Luigs and Neumann). Hippocampal neurons were visualized using 199 

DIC illumination on an Olympus BX61WI microscope (Olympus Microscopy) with a CCD 200 

camera (C7500, Hamamatsu). Recording pipettes were pulled from thin-walled 201 

borosilicate capillary glass (King Precision Glass) using a P97 puller (Sutter 202 

Instruments) and were filled with (in mM): 126 K-gluconate, 10 HEPES, 4 KCl, 4 ATP-203 

Mg, 0.3 GTP-Na, 10 phosphocreatine (pH-adjusted to 7.3 with KOH, osmolarity 290 204 

mOsm). Pipettes had a 2.5-5 MΩ tip resistance. 205 

 206 

Whole cell recordings were performed on CA1 superficial layer pyramidal neurons in the 207 

dorsal hippocampus. Recordings were excluded for neurons with a resting membrane 208 

potential above -50 mV or where the series resistance increased by >20% of baseline. 209 

Pipette capacitance was neutralized for all recordings. Firing properties were assessed 210 

during injected current steps (-200 to 750 pA, 1s). Action potential threshold was 211 

measured as the voltage where dV/dt exceeded 3 times its standard deviation and 212 

afterhyperpolarization was measured relative to threshold. Width was the time an action 213 

potential, resampled at 100 kHz, exceeded the half-height between threshold and peak 214 

voltages. Action potential properties were only measured in the first spike evoked by a 215 

depolarizing current for each neuron. Input resistance was calculated from the change 216 
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in steady-state membrane potential resulting from hyperpolarizing current injections, 217 

while sag was measured as the difference between the steady-state and peak negative 218 

potential during a -100 pA hyperpolarizing current injection. Spontaneous, excitatory, 219 

postsynaptic current (sEPSC) activity was measured as inward currents while neurons 220 

were voltage clamped at -65 mV and events were detected in Clampfit (Molecular 221 

Devices) by a blinded investigator. sEPSC rise time was the time required to increase 222 

from 10% to 90% of peak amplitude and charge transfer was the integrated current of 223 

each sEPSC. Events with a rise time >7.5 ms, a peak amplitude of <3 pA or a charge 224 

transfer of <25 pC were excluded, along with recordings where the series resistance 225 

increased by >20% of baseline. 226 

 227 

Data were acquired in pClamp software (Molecular Devices) using a Multiclamp 700B 228 

amplifier (Molecular Devices), low-pass filtered at 2 kHz, and digitized at 10 kHz 229 

(Digidata 1440A, Molecular Devices). Data analysis was performed using Clampfit and 230 

custom written Python scripts. N=8 control mice yielded recordings from N=29/24 cells 231 

(for intrinsic and synaptic properties, respectively). Likewise, N=7 neutron-irradiated 232 

mice yielded recordings from N=28/25 cells (for intrinsic and synaptic properties, 233 

respectively). 234 

 235 

Extracellular field recordings 236 

Hippocampal slices were prepared as previously described (Vogel-Ciernia et al., 2013). 237 

Following isoflurane anesthesia, mice were decapitated and the brain was quickly 238 

removed and submerged in ice-cold, oxygenated dissection medium containing (in mM): 239 
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124 NaCl, 3 KCl, 1.25 KH2PO4, 5 MgSO4, 0 CaCl2, 26 NaHCO3, and 10 glucose. 240 

Coronal hippocampal slices (320 μm) were prepared using a Leica vibrating tissue slicer 241 

(Model:VT1000S) before being transferred to an interface recording chamber containing 242 

preheated artificial cerebrospinal fluid (aCSF) of the following composition (in mM): 124 243 

NaCl, 3 KCl, 1.25 KH2PO4, 1.5 MgSO4, 2.5 CaCl2, 26 NaHCO3, and 10 glucose and 244 

maintained at 31 ± 1°C. Slices were continuously perfused with this solution at a rate of 245 

1.75-2 ml/min while the surface of the slices were exposed to warm, humidified 95% O2 246 

/ 5% CO2. Recordings began following at least 2 hr of incubation. 247 

 248 

Field excitatory postsynaptic potentials (fEPSPs) were recorded from CA1b stratum 249 

radiatum apical dendrites using a single glass pipette filled with 2M NaCl (2-3 MΩ) in 250 

response to orthodromic stimulation (twisted nichrome wire, 65 μm diameter) of 251 

Schaffer collateral-commissural projections in CA1 stratum radiatum. Pulses were 252 

administered at 0.033 Hz using a current that elicited a 50% maximal spike-free 253 

response. After establishing a 10-20 min stable baseline, long-term potentiation (LTP) 254 

was induced by delivering a single episode of 5 ‘theta’ bursts, with each burst consisting 255 

of four pulses at 100 Hz and the bursts themselves separated by 200 msec (i.e., theta 256 

burst stimulation or TBS). The stimulation intensity was not increased during TBS. 257 

 258 

Coronal slices (1.70 – 1.98 mm anterior to bregma) from the ventral medial prefrontal 259 

cortex (300 μm) were prepared as described above. Field recordings were obtained by 260 

placing a bipolar stimulation electrode (FHC, 25 μm diameter) within cortical layer IV 261 

and a glass recording electrode in layer III (Kirkwood and Bear, 1994). LTP was induced 262 
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by delivering 3-5 trains of 5 theta bursts at 0.05 Hz. The stimulation intensity was not 263 

increased during TBS. Data were collected and digitized by NAC 2.0 Neurodata 264 

Acquisition System (Theta Burst Corp., Irvine, CA) and stored on a disk. 265 

 266 

Data in the text are presented as means ± SD, while in the figures as mean ± SEM. The 267 

fEPSP slope was measured at 10–90% fall of the slope and data in figures on LTP were 268 

normalized to the last 10 min of baseline. Electrophysiological measures were analyzed 269 

using a Student’s T-test, p< 0.05. 270 

 271 

Behavioral testing 272 

Concurrent behavioral testing of control and irradiated mice (N=14 per group) occurred 273 

across four weeks, beginning three months after the conclusion of chronic neutron 274 

irradiation (6 months). A separate cohort (N=8 per group) was administered social 275 

interaction testing. An investigator blinded to the experimental cohorts performed all 276 

behavioral testing. 277 

 278 

Social interaction testing. Social interaction and social avoidance behaviors were 279 

evaluated in mice using established protocols (Winslow, 2003; Sato et al., 2013a; 280 

Gunaydin et al., 2014). Mice were initially each individually habituated to the well-lit (915 281 

lux) test arena (30 x 30 cm) for two days (15 min/day). On the third day of the trial, the 282 

test mouse was allowed to explore freely for 10 minutes, prior to a novel mouse (3-283 

month old, C57BL6/J male, weighing less than the test mouse) being introduced into the 284 

arena. The mice were allowed to explore and interact freely without barrier for 10 min, 285 
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and active interaction or avoidance was recorded. Social interactions included any time 286 

the test mouse spent sniffing while in active contact with the novel animal’s snout, flank, 287 

or anogenital area, mutual grooming, or directed pursuit of the novel mouse. 288 

Concurrently, avoidance behavior was characterized as time the test mouse spent 289 

actively avoiding social interactions initiated by the novel mouse. 290 

 291 

Episodic and spatial memory testing. Novel object recognition (NOR) and object in 292 

place (OiP) spontaneous exploration tasks rely on intact hippocampal, medial prefrontal 293 

cortex and perirhinal cortex function (Barker et al., 2007; Barker and Warburton, 2011). 294 

The NOR task evaluates episodic recognition memory through measuring the 295 

preference of mice to investigate novel environmental changes, whereas the OiP task 296 

evaluates associative recognition memory. Both tasks were conducted as described 297 

previously (Parihar et al., 2015c). Briefly, NOR and OiP testing occurred in a dimly lit 298 

(48 lux) test arena (30 x 30 x 30 cm) with a layer of fresh bedding that was filmed from 299 

above. All bedding was replaced and the arena was thoroughly cleaned with 70% 300 

ethanol between trials. For the NOR task, mice were initially habituated to the empty 301 

arena for three days (10 min/day). The following testing day, two plastic objects 302 

(differing in color, shape and size) were magnetically affixed 16 cm apart in the arena 303 

and the mouse was allowed five minutes to explore the objects. The mouse was 304 

returned to the home cage for five minutes while one familiar object was substituted for 305 

a novel object (both objects were cleansed with 70% ethanol). The mouse was then 306 

returned to the arena for five minutes of further exploration. OiP testing began one week 307 

after the NOR task, with two days (10 min/day) of habituation. On the third day, mice 308 
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explored an arena with four unique objects for five minutes before briefly returning to 309 

their home cage (5 min). All objects were cleansed with 70% ethanol and the location of 310 

two objects was swapped before the mouse was returned for five more minutes of 311 

exploration. Video of both tasks was scored for time spent interacting (nose within 2 cm) 312 

with familiar versus novel (or relocated) objects. The discrimination index was than 313 

calculated for each mouse from these values:  314 

[(novel/total exploration time) – (familiar/total exploration time)] × 100. 315 

Anxiety- and depression-like behavior testing. After completion of NOR and OiP testing, 316 

mice were evaluated for anxiety-like behavior with the light-dark box (LDB) test and 317 

depressive-like behavior with the forced swim test (FST), using established methods 318 

(Bourin and Hascoet, 2003; Petit-Demouliere et al., 2005; Parihar et al., 2018). The LDB 319 

arena consisted of a light compartment (30 x 20 x 27 cm, 915 lux) connected to a dark 320 

compartment (15 x 10 x 27 cm, 4 lux) via a small opening (7.5 x 7.5 cm). Thus, the LDB 321 

test contrasts the natural propensity of mice to explore new environments with their 322 

degree of anxiety to be in a well-lit space. Mice were placed in the arena for 10 minutes, 323 

and we recorded time spent in each chamber and number of transitions between 324 

compartments. In the FST task, we evaluated hippocampal-dependent, depression-like, 325 

behavior by measuring the responses of mice to being placed in a tank of water (15 cm 326 

diameter x 20 cm, 24°C) for five minutes. We quantified the amount of time each mouse 327 

spent floating (despair-like behavior) versus swimming or climbing. 328 

 329 

Fear extinction testing. To test whether mice could learn and later extinguish 330 

conditioned fear responses, we performed a series of established fear extinction (FE) 331 
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assays as adapted (Cain et al., 2003). Testing occurred in two similar contexts within a 332 

behavioral conditioning chamber (17.5 x 17.5 x 18 cm, Coulbourn Instruments) with a 333 

steel slat floors (3.2 mm diameter slats, 8 mm spacing). For context A the chamber was 334 

scented with a spray of 10% acetic acid in water, while in context B the steel floor of the 335 

chamber was covered with white plastic and a spray of 10% almond extract in water 336 

was applied. Initial fear conditioning was performed in context A after mice were allowed 337 

to habituate to the chamber for two minutes. Three pairings (spaced by 120 sec) of an 338 

auditory conditioned stimulus (16 kHz tone, 80 dB, lasting 120 sec; CS), co-terminating 339 

with a foot-shock unconditioned stimulus (0.6 mA, 1 sec; US) were presented. On the 340 

following three days of extinction training, mice were initially habituated to context B for 341 

two minutes before being presented with 20 non-US reinforced CS tones (16 kHz, 80 342 

dB, lasting 120 sec, at 5 sec intervals). On a final day of fear testing mice were 343 

presented with only three non-US reinforced CS tones (16 kHz, 80 dB, lasting 120 sec) 344 

at a two-minute intertrial interval in context B. Freezing behavior was recorded with a 345 

camera mounted above the chamber and scored by an automated, video-based, motion 346 

detection program (FreezeFrame, Coulbourn Instruments). FreezeFrame algorithms 347 

calculate a motion index for each frame of the video, with higher values representing 348 

greater motion. An investigator blinded to the experimental groups set the motion index 349 

threshold representing immobility for each animal individually, based on identifying a 350 

trough separating low values during immobility and higher values associated with 351 

motion. Motion index thresholds were set between 10-16 for all animals (0 cGy: 352 

10.51±1.86, 18 cGy: 16.1±0.94). Freezing behavior was defined as continuous bouts of 353 



16

1 second or more of immobility. The percentage of time each mouse spent freezing was 354 

then calculated for each phase of the fear response testing. 355 

 356 

 357 

Statistical analyses 358 

The level of significance for behavioral testing was assessed by Mann-Whitney’s two-359 

tailed, non-parametric t test using Prism data analysis software (v6.0). Analysis of fear 360 

extinction data was carried out by repeated measures ANOVA. Given that the 361 

distribution of behavior data is gamma distributed, we also applied a non-parametric 362 

approach, kernel density estimation (KDE), to calculate the proportion of mice that 363 

exhibited impaired performance within each cohort for a given behavior task.  Data was 364 

analyzed using the Excel add-in and Minitab KDE macro (AMC Kernel density ver 1.0e) 365 

available in AMC Software (Royal Society of Chemistry: www.rsc.org/amc/). This 366 

algorithm has been designed to estimate population density functions without making 367 

any assumptions. It does not use a fixed bin width, but instead calculates an optimal bin 368 

width based upon the inter-quartile range. Full details can be found in (Royal Society of 369 

Chemistry, 2001). This algorithm is robust and ideally suited to analyzing non-uniformly 370 

distributed data populations.  Analogous to the Z-score principle, a performance level 371 

that encompassed 95% of the probability density of the control cohort’s performance 372 

data was selected as the threshold level, below which an individual animal’s 373 

performance would be classified as ‘severely impaired’.  We define the performance 374 

metric level within the sham cohort that encompasses the top 95% of performers, and 375 

thus establish the 5th percentile. We then determine how many of the irradiated mice 376 
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have performance metrics that fall within the 5th percentile of the sham population 377 

performance.  To account for the nested data produced by whole cell electrophysiology 378 

recordings, differences between treatment groups were evaluated by a mixed linear 379 

model regression analysis (Aarts et al., 2014) run in Python. Calculation of estimation 380 

statistics-based confidence intervals was performed with the DABEST package in 381 

python (Ho et al., 2019).  Gardner-Altman estimation plots include a 5000 resampling, 382 

bias-corrected and accelerated bootstrap analysis to determine the nonparametric 383 

confidence interval of differences between groups. We quantified effect sizes with an 384 

unbiased Cohen’s d test. P values of < 0.05 were considered to be statistically 385 

significant. 386 

 387 

Results 388 

The goal of our study was to identify risks to the nervous system associated with 389 

chronic exposures to low dose and dose rate neutron radiation, with a specific emphasis 390 

on the hippocampus/medial prefrontal cortex neural circuits. We used 391 

electrophysiological recordings to identify cellular-level alterations in hippocampal 392 

neuron function and associated disruptions in synaptic plasticity. Through behavioral 393 

testing, we probed whether deficits likewise occurred in tasks dependent on either the 394 

hippocampus or a broader set of brain regions. Collectively, our experimental and risk 395 

modeling approaches identify a wide range of hazards associated with chronic particle 396 

radiation exposures occurring at all levels of nervous system function. 397 

 398 

Radiation dosimetry 399 
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The goal was to deliver a space-relevant dose rate of 1 mGy/d (Zeitlin et. al., 2013; 400 

Cucinotta, 2014) while having sufficient time in the day to allow personnel access for 401 

animal husbandry and maintenance. Neutron dosimetry was performed with tissue 402 

equivalent counters. These data were used to assess the spatial dose rates to mice in 403 

the room as well as characterize the microdosimetric lineal energy (y) and LET (L) 404 

(Table 1).  Photon dosimetry was performed independently using a neutron insensitive 405 

GM counter and CaF2 thermoluminescent dosimeters.  All dosimetric measurements 406 

were made in the room containing the full complement of racks and cages filled with 407 

food, water and 28g mouse phantoms. The final arrangement of cages and racks 408 

immediately prior to the start of our trial yielded an initial total dose rate of 0.063 0.0063 409 

mGy/hr, emitting the target dose of 1 mGy/day over 15.9 hours. Furthermore, we 410 

targeted a dose rate that would account for the decay rate of the 252Cf source over the 411 

course of our trial. Therefore, the time of irradiation each day increased slightly 412 

throughout the experiment.  By the final day of our six month trial, mice were receiving 413 

an absorbed dose of 1 mGy/d during an exposure time of 18.3 h/d.  The mixed field 414 

dosimetric assessment indicated that photons emitted from the source and those 415 

originating in the walls and floor made a 20% contribution to the total dose rate 416 

throughout the room.  The mice were not constrained and were free to move about 417 

within their cages; we estimate a mouse to mouse variation of  20% in our evaluation 418 

of the total absorbed dose. 419 

 420 

Neutron irradiation suppresses excitatory hippocampal neuronal activity 421 
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Past studies on the impacts of acute cosmic radiation exposure have frequently 422 

demonstrated significant alterations within the hippocampus, a structure known to play a 423 

key role in learning and memory. These include disruptions in the morphology (Parihar 424 

et al., 2015a; Carr et al., 2018), intrinsic excitability (Sokolova et al., 2015) and synaptic 425 

signaling properties (Sokolova et al., 2015; Lee et al., 2017) of hippocampal neurons. 426 

Therefore, we decided to begin by evaluating whether chronic, low dose and dose rate 427 

exposures to neutron radiation likewise produce cellular-level deficits in hippocampal 428 

function. To account for the nested data produced by whole cell electrophysiology 429 

recordings, differences between treatment groups were evaluated by a mixed linear 430 

model regression (MLM) analysis (Aarts et al., 2014).  In addition to using statistical 431 

inference analysis derived P-values, we also include estimation statistics-based 432 

confidence intervals (Ho et al., 2019). 433 

 434 

We find that exposure to a protracted 18 cGy dose of neutron radiation produces 435 

multiple changes in the intrinsic electrophysiological properties of CA1 superficial layer 436 

pyramidal neurons in the dorsal hippocampus that persist at six months after the 437 

completion of irradiation (Fig. 1). The resting membrane potential (RMP) of neutron-438 

irradiated pyramidal neurons becomes moderately more hyperpolarized than that of 439 

control neurons (Mean difference score (Mdiff)=-2.56 mV, 95% CI[-5.04, -0.68]; d=-0.60, 440 

95% CI[-0.97, -0.10]; MLM z=-2.24, P=0.025; Fig. 1A). To further test for changes in 441 

cell-intrinsic properties of CA1 pyramidal neurons from neutron-irradiated and control 442 

mice, cells were subjected to a range of brief current injections (Fig. 1B). Neutron 443 

irradiation produces a medium effect-size decrease in the excitability of CA1 pyramidal 444 
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neurons, where higher rheobase currents are required to evoke action potentials than in 445 

neurons from control animals (Mdiff=30.8 pA, 95% CI[5.6, 58.6]; d=0.59, 95% CI[0.06, 446 

1.04]; MLM z=2.23, P=0.026; Fig. 1B,C). Across a range of current injections from 0 to 447 

750 pA, neurons from neutron-irradiated mice exhibit reduced action potential firing 448 

frequencies (F(1,852)=38.65, P<0.001, two-way ANOVA, Fig. 1D). To determine if 449 

action potential firing frequency differences resulted solely from previously noted RMP 450 

differences, we examined responses in a subset of neurons that rested within ±3 mV of 451 

the overall mean RMP of -69.6 mV. While more similar, evoked action potential firing 452 

remains attenuated in neutron-irradiated versus control mice even when accounting for 453 

differences in RMP (F(1,574)=4.29, P=0.039, N=23 0 cGy cells and 16 18 cGy cells, 454 

two-way ANOVA, Fig. 1E). The underlying cause of the decrease in RMP we observe 455 

remains unclear, but estimation statistics indicate a small decrease in the input 456 

resistance of neutron-irradiated neurons (Mdiff=-12.0 MΩ, 95% CI[-26.4, 1.7]; d=-0.43, 457 

95% CI[-0.89, 0.14]; Fig. 1F). However, variability in measured input resistances 458 

resulted in a mixed linear model regression P-value above traditional significance levels 459 

(MLM z=-1.63, P=0.103). Likewise, neutron-irradiation does not alter other intrinsic 460 

properties of CA1 neurons including action potential threshold, height, width, after 461 

polarization or hyperpolarization sag (Table 2). Thus, the combined decrease in resting 462 

membrane potential and increased rheobase current of cells in the neutron-irradiated 463 

brain suggests that chronic exposure to cosmic radiation suppresses the intrinsic 464 

excitability of hippocampal pyramidal neurons. 465 

 466 



21

Furthermore, the spontaneous, excitatory, postsynaptic activity received by CA1 467 

pyramidal neurons is also altered by exposure to neutrons (Fig. 2). CA1 pyramidal 468 

neuron sEPSCs were recorded as inward currents in neurons voltage clamped at -65 469 

mV. We observe a medium-sized decrease in sEPSC frequency following neutron 470 

irradiation relative to in control animals (Mdiff=-0.81 Hz, 95% CI[-1.67, -0.10]; d=-0.59, 471 

95% CI[-1.11, -0.002]; MLM z=-2.03, P=0.043; Fig. 2A,B). Thus, there appears to be 472 

reduced signaling from presynaptic neurons onto CA1 pyramidal neurons. To examine 473 

differences in the sEPSC properties of individual neurons, all sEPSCs detected within a 474 

200 second recording period from each cell were averaged together to generate a 475 

standard profile (Fig. 2C). While the amplitude of sEPSCs remains equivalent between 476 

neutron-irradiated and control animals (Mdiff=0.09 pA, 95% CI[-1.55, 1.84]; d=0.03, 95% 477 

CI[-0.56, 0.59]; MLM z=-0.01, P=0.992; Fig. 2D), neutron irradiation produces a small 478 

increase in sEPSC charge transfer relative to control cells (Mdiff=-6.9 pC, 95% CI[-23.3, 479 

9.3]; d=-0.23, 95% CI[-0.78, 0.35]; Fig. 2E). While high variability in measured sEPSC 480 

charge transfer resulted in a mixed linear model regression P-value above traditional 481 

significance levels (MLM z=-2.03, P=0.043), a small effect-size decrease perhaps 482 

demonstrates a compensatory response to the reduced frequency of excitatory inputs. 483 

 484 

The dual reductions in intrinsic excitability and frequency of sEPSCs received by CA1 485 

pyramidal neurons indicate that chronic neutron irradiation suppresses excitatory 486 

signaling within the hippocampus. While not addressed in the current study, acute 487 

delivery of similar radiation doses can disrupt hippocampal signaling through altering 488 

cell signaling pathways (Lee et al., 2017), voltage-gated membrane currents (Sokolova 489 
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et al., 2015), neurotransmitter receptor expression (Carr et al., 2018), or neuronal 490 

morphology (Parihar et al., 2015a; Carr et al., 2018). Having identified neuron-level 491 

changes in hippocampal signaling, we next looked to assess whether chronic neurons 492 

irradiation perturbed synaptic plasticity. 493 

 494 

Hippocampal and cortical synaptic plasticity is perturbed by neutron irradiation 495 

Synaptic plasticity enables activity-dependent regulation of the intricately interconnected 496 

networks of excitatory neurons and diverse GABAergic interneurons within the 497 

hippocampus. Synaptic inputs from CA3 to CA1 pyramidal neurons through the Schaffer 498 

collateral pathway have long been known to attenuate with increased activity, known as 499 

LTP, and are thought to represent a cellular basis of memory (Schwartzkroin and 500 

Wester, 1975; Lynch, 2004). As we observed deficits in cellular-level synaptic signaling 501 

among hippocampal neurons following neutron irradiation, we now sought to examine if 502 

LTP was perturbed in either the hippocampus, or in the prefrontal cortex. 503 

 504 

We assessed LTP six months following irradiation in acute dorsal hippocampal and 505 

ventral medial prefrontal cortex brain slices prepared from neutron-irradiated and 506 

concurrent control mice (Fig. 3). The delivery of five theta burst stimulations to control 507 

hippocampal slices caused the predicted rapid increase in the slope of the field fEPSPs 508 

followed by decay over ten minutes to a stable plateau at 155±3.8% (95% CI[147, 164]) 509 

above pre-TBS baseline (Fig. 3A). A similar rapid increase was observed following TBS 510 

in slices from neutron-irradiated mice but the level of potentiation achieved 60 min post-511 

TBS was significantly reduced to 122±3.4% above pre-TBS baseline (95% CI[114, 130], 512 
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P<0.001, Fig 3B). Similar results were obtained in TBS-induced LTP in the ventral 513 

medial prefrontal cortex slices (Fig 3C). Chronic neutron irradiation caused a nearly 514 

complete block in LTP relative to controls 151±2.8%, 95% CI[144, 157] and 106±4%, 515 

95% CI[96.6, 115], respectively) (P<0.0001, Fig. 3D). 516 

 517 

Past studies demonstrate somewhat mixed effects of acute GCR exposures on LTP. 518 

Although moderate acute doses of 56Fe radiation (200 cGy) disrupt hippocampal LTP 519 

(Vlkolinsky et al., 2007), some lower doses of acute GCR irradiation (25 cGy, 28Si) may 520 

conversely enhance LTP (Raber et al., 2014). The LTP detriments we observe after 18 521 

cGy chronic neutron irradiation may suggest that neutron radiation has effects similar to 522 

relatively higher doses of single-ion GCR. Nevertheless, the altered network-level 523 

hippocampal and cortical LTP we observe suggests that mice chronically exposed to 524 

low dose and dose rate neutron radiation may display diverse behavioral deficits. 525 

 526 

Neutron irradiation induces deficits in mouse behavior 527 

Animal behavior, ranging from sociability to anxiety, fear, learning and memory, arises 528 

from the intricate interplay between molecular-, cellular- and network-level mechanisms 529 

within the brain (Lynch, 2004; Pape and Pare, 2010; Johansen et al., 2011; 530 

Bhattacharya and Klann, 2012; Hulbert and Jiang, 2017). Therefore, we evaluated the 531 

impact of chronic, low dose rate, neutron irradiation on a range of core behaviors that 532 

would present a risk to astronauts on a deep space mission, using mice from the same 533 

cohort used in the neurophysiology studies. Following the social interaction test (SIT), a 534 

separate cohort of animals were sequentially administered the following behavioral 535 
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tasks: Novel Object Recognition (NOR), Object in Place (OiP), Light-Dark Box (LDB), 536 

Forced Swim Test (FST) and Fear Extinction (FE) memory testing. All behavioral tests 537 

were conducted between 12-16 weeks following the conclusion of chronic neutron 538 

irradiation. 539 

 540 

Social interaction behaviors are known to be dependent on hippocampal and medial 541 

prefrontal cortex circuits (Finlay et al., 2015; Ko, 2017). Mice that had been previously 542 

habituated with cage mates were allowed to interact with a novel mouse in a barrier-free 543 

arena. Total time the test mouse spent interacting with the novel mouse or actively 544 

avoiding social interactions initiated by the novel mouse were recorded following 545 

established protocols (Winslow, 2003; Sato et al., 2013b; Gunaydin et al., 2014). 546 

Interestingly, neutron-irradiated mice spend a greater amount of time actively avoiding 547 

social interactions than do control mice, consistent with perturbed hippocampal and 548 

medial prefrontal cortex function (0 cGy: 16.8±4.1 sec, 95% CI[7.1, 26.5]; 18 cGy: 549 

35.7±6.3 sec, 95% CI[20.9, 50.5]; P=0.028; Fig. 4A) (Winslow, 2003; Sato et al., 2013b; 550 

Gunaydin et al., 2014). However, we find that control and neutron-irradiated mice spend 551 

a similar amount of time socially interacting with a novel mouse (0 cGy: 61.6±5.2 sec, 552 

95% CI[49.2, 73.9]; 18 cGy: 50.9±6.2 sec, 95% CI[36.2, 65.5]; P=0.33; Fig. 4B).  553 

 554 

Like social interactions, recognition memory tasks are known to require proper 555 

hippocampal and medial prefrontal cortex signaling (Finlay et al., 2015; Ko, 2017). To 556 

further assess the functional impact of low dose rate neutron exposure on episodic and 557 

spatial memory function, we performed two distinct behavioral tasks: NOR and OiP. For 558 



25

both tasks, the total combined exploration times of the familiar and novel objects were 559 

comparable between treatments (data not shown), suggesting no confounding 560 

alterations in locomotion or exploratory behavior. Analysis of novel object preference in 561 

the NOR test, as indicated by the discrimination index, indicates that neutron irradiation 562 

impairs novel object recognition memory relative to control mice (0 cGy: 25.3±4.0 sec, 563 

95% CI[16.7, 33.8]; 18 cGy: 7.5±6.9 sec, 95% CI[-7.4, 22.5]; P=0.044; Fig. 4C). 564 

Furthermore, neutron-irradiated mice show similarly reduced discrimination of objects 565 

moved to a novel location in the OiP task compared to control animals (0 cGy: 25.8±3.8 566 

sec, 95% CI[17.7, 34.0]; 18 cGy: 7.2±5.6 sec, 95% CI[-4.8, 19.2]; P=0.027; Fig. 4D). 567 

Performance on the NOR and OiP tasks both require intact processing within and 568 

communication amongst the hippocampus, medial prefrontal cortex, and perirhinal 569 

cortex, albeit potentially in varying degrees (Squire et al., 2004; Warburton and Brown, 570 

2015). Thus, deficits in the NOR and OiP memory tasks demonstrate the widespread 571 

detrimental impacts of protracted, low dose rate neutron exposures on the central 572 

nervous system. 573 

 574 

Radiation exposures are often observed to alter mood (Butler et al., 2006; Tang et al., 575 

2012; Caceres et al., 2013; Yen et al., 2014), with low doses of acute charged particle 576 

irradiation producing persistent increases in anxiety- and depression-like behavior in 577 

mice (Parihar et al., 2016; Parihar et al., 2018). To determine whether chronic 578 

exposures to low dose rate neutrons also trigger anxiety- and depression-like behavior, 579 

mice were administered the LDB test and the FST. The LDB test contrasts the natural 580 

inclination of mice to explore novel environments with their aversion to brightly lit spaces, 581 
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thus evaluating increased anxiety based on greater preference for the dark versus light 582 

compartments of the testing arena (Bourin and Hascoet, 2003). Compared to 583 

unirradiated controls, neutron-exposed mice show a reduction in the number of light-584 

dark transitions (0 cGy: 22.3±2.1 transitions, 95% CI[17.7, 26.8]; 18 cGy 14.5±1.9 585 

transitions, 95% CI[10.4, 18.6]; P=0.009; Fig. 5E). In addition, the neutron-irradiated 586 

animals spent a significantly reduced percent time in the light compartment (0 cGy: 587 

80.9±2.5, 95% CI[76.6, 85.9]; 18 cGy: 52.5±3.3, 95% CI[45.9, 58.3]; P<0.0001). The 588 

amygdala is understood to be an important regulator of anxiety behavior (Tye et al., 589 

2011; Calhoon and Tye, 2015), suggesting an additional brain structure that is disrupted 590 

by neutron irradiation. Conversely, chronic neutron irradiation does not alter the time 591 

mice spend floating in the FST, indicating no effect of low dose and dose rate radiation 592 

on depression-like behavior (0 cGy: 31.7±3.9 sec, 95% CI[28.8, 41.3]; 18 cGy: 35.0±2.9 593 

sec, 95% CI[23.2, 40.2]; P=0.92, Fig. 5F).  594 

 595 

Finally, we examined how the extinction of fear memory, the active process of 596 

dissociating learned responses to prior adverse events (Cain et al., 2003), is altered by 597 

chronic neutron irradiation. In the conditioning phase, control and neutron-exposed mice 598 

were administered to 3 tone-shock pairings (T1-T3; 120 sec, 16 kHz tone followed by a 1 599 

sec, 0.6 mA shock; 2 min interval) and display a comparable percent of time spent 600 

freezing during fear acquisition (T1: 1.48±1.15%, 95% CI[-1.01, 3.97] and 3.42±1.43%, 601 

95% CI[0.33, 6.51], P>0.10; T2: 7.49±2.60%, 95% CI[1.87, 13.11] and 10.31±2.49%, 602 

95% CI[4.92, 15.69], P>0.10; T3: 37.67±4.88%, 95% CI[27.12, 48.22], and 39.48±5.32%, 603 

95% CI[27.99, 50.97], P>0.1; N=14 each group, 0 and 18 cGy respectively, Fig. 5G). 604 
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During subsequent fear extinction trials in a new context (20 tones/day, 2 min interval, 605 

no shock), control mice exhibit a gradual decrease in freezing behavior over the course 606 

of the trial (Fig. 5G, days 1-3, data shows average response per 5 tones). 95% CIs for 607 

the last 5 tones for each extinction training day were: Day–1, [12.32, 18.01] and [16.3, 608 

24.59]; Day–2, [7.44, 11.95] and [15.25, 24.02]; Day–3, [5.59, 8.80] and [11.38, 21.36]; 609 

0 and 18 cGy respectively. Importantly, we find a significant radiation effect across 610 

extinction trials (F(1,1734)=29.57, P<0.0001, two-way RM ANOVA). On the final day of 611 

extinction testing only three tones were administered (2 min interval, Fig. 5g1). Control 612 

mice show more complete fear extinction than neutron-irradiated animals (0 cGy: 613 

13.8±1.7% freezing, 95% CI[9.66, 17.97]; 18 cGy: 20.8±2.7% freezing, 95% CI[11.32, 614 

30.27]; P=0.04). Impaired fear extinction is considered to represent a post-traumatic 615 

stress disorder-like phenotype (Chang et al., 2009; VanElzakker et al., 2014) and 616 

indicates a diffuse dysfunction of neural processes involving the hippocampus, medial 617 

prefrontal cortex and amygdala (Quirk and Mueller, 2008; Chang et al., 2009). 618 

 619 

Importantly, cohort averaged data does not provide an indication of how frequently or 620 

how severely neurocognitive performance is impacted. Therefore, we further analyzed 621 

individual animal performance data using KDE to generate a performance probability 622 

profile (Jewell et al., 2018). The generated performance probability profiles were then 623 

used to determine the percent of neutron-irradiated mice that exhibit significantly altered 624 

behavior, defined as performance in a task ≤5th percentile of the performance metric 625 

observed for the concurrent control mice. Relative to our 5% impairment threshold in 626 

control mice, significantly more neutron-irradiated mice show decrements on the NOR, 627 
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OiP, LDB and FE tests (25-41%, P<0.0001, Fisher’s exact test, Table 3). On the SIT 628 

test, 15% of irradiated mice exhibited decreased time interacting with the novel mouse 629 

and 34% of the irradiated cohort exhibited significantly increased time spent in 630 

avoidance behavior (P=0.019 and P<0.0001, respectively). The data from the KDE 631 

analysis, was then substituted into a numbers needed to harm (NNH) algorithm (Jewell 632 

et al., 2018). Extrapolating from our NNH analysis, we predict that 1 in every 5.1 633 

astronauts would experience increased anxiety-like behavior during a mission to Mars, 634 

while 1 in every 2.8 astronauts would experience difficulty with episodic memory. 635 

 636 

 637 

 638 

Discussion 639 

Currently, NASA, other governments and multiple commercial enterprises are racing to 640 

develop the capabilities necessary to send humans to Mars by the 2030’s. However, a 641 

number of health concerns related to prolonged radiation exposures in space have 642 

compelled increased research into how ionizing radiation affects the brain. Past findings 643 

abundantly documenting behavioral impairments arising in multiple rodent models of 644 

acute cosmic radiation exposures (Rabin et al., 2011; Cherry et al., 2012; Haley et al., 645 

2013; Davis et al., 2015; Parihar et al., 2015b; Whoolery et al., 2017; Carr et al., 2018; 646 

Jewell et al., 2018), have inspired the utilization of new experimental paradigms to even 647 

more realistically simulate the space radiation environment. Here, we describe the first 648 

study assessing the consequences of chronic, low dose and low dose rate, exposure to 649 

high LET charge particle recoils from neutron interactions and accompanying low LET 650 
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photons on CNS functionality. Importantly, our study specifically matches anticipated 651 

dose rates relevant to upcoming human space exploration (Zeitlin et al., 2013). Despite 652 

the differences between protracted neutron exposures on Earth and GCR exposures in 653 

space, our experimental protocol reasonably simulates exposures from GCR during 654 

prolonged mission in deep space. 655 

 656 

Therefore, we have endeavored to examine the risks posed by chronic, low dose and 657 

dose rate exposures to high LET radiation across levels of CNS function, spanning from 658 

cellular- to whole animal-level impacts. Fundamentally, disruptions of animal behavior or 659 

neural network function arise from underlying disturbances in the activity of individual 660 

neurons. The reduced intrinsic excitability of CA1 pyramidal neurons we observe 661 

following chronic neutron irradiation is entirely consistent with our previous findings that 662 

acute charged particle exposures hyperpolarize neuronal resting membrane potentials 663 

within the hippocampus (Sokolova et al., 2015) and perirhinal cortex (Parihar et al., 664 

2018). We do not probe the molecular underpinning of suppressed neuron excitability in 665 

the current study, yet low dose (10 cGy) ionizing radiation is sufficient to down-regulate 666 

neuronal expression of ion channels (Lowe et al., 2009; Lowe and Wyrobek, 2012). 667 

Additionally, reactive oxygen species generated by charged particle radiation exposure 668 

(Suman et al., 2013) can directly alter the activity of ion channels found on neurons 669 

(Choi and Lipton, 2000; Todorovic and Jevtovic-Todorovic, 2014), potentially underlying 670 

the effects we observed. 671 

 672 
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In agreement with the finding that chronic irradiation reduces the excitability of 673 

hippocampal neurons, the frequency of excitatory synaptic inputs to CA1 pyramidal 674 

neurons are also suppressed. Indeed, reduced excitatory synaptic tone may be 675 

correlated with our observed changes in intrinsic properties. Acute GCR irradiation 676 

similarly lessens excitatory synaptic inputs within the hippocampus (Sokolova et al., 677 

2015) and perirhinal cortex (Sokolova et al., 2015). Furthermore, acute GCR exposures 678 

reduce excitatory neurotransmitter expression (Machida et al., 2010; Carr et al., 2018) 679 

and alter the morphology of dendritic spines on hippocampal and cortical neurons 680 

(Parihar et al., 2015b; Parihar et al., 2016; Carr et al., 2018). Such changes are entirely 681 

consistent with our observation of reduced excitatory signaling among neutron irradiated 682 

hippocampal neurons. Moreover, acute proton irradiation enhances GABA release by 683 

hippocampal interneurons (Lee et al., 2017), which may also contribute to our noted 684 

suppression of network activity. 685 

 686 

Such disruptions of excitatory synaptic signaling to CA1 pyramidal neurons are 687 

implicated in reducing theta frequency (3-10 Hz) oscillations within the hippocampus 688 

and thereby weakening the capacity for LTP (Buzsaki, 2002; Sokolova et al., 2015). 689 

Thus, the LTP deficits we observe within hippocampal and medial prefrontal cortex 690 

neuronal networks are consistent with our single cell recordings. Interestingly, acute 691 

radiation exposure at low doses appears to enhance hippocampal LTP (Raber et al., 692 

2014) and molecular pathways associated with synaptic plasticity (Lowe et al., 2009). 693 

However, compensatory mechanisms that can effectively respond to acute irradiation 694 
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may become overwhelmed by the chronic radiation exposures that astronauts will face 695 

during prolonged spaceflights. 696 

 697 

Altogether, we have not only identified behavioral deficits associated with the cellular- 698 

and circuit-level alterations in hippocampal and medial prefrontal cortex function, but 699 

also what appears to be generalized disruptions of CNS function by chronic neutron 700 

irradiation. Our testing represents a realistic model of the risks associated with the low 701 

dose and low dose rate radiation astronauts will experience over the course of a deep 702 

space mission. While our electrophysiological findings provide compelling evidence that 703 

chronic, low dose and dose rate irradiation perturbs hippocampal and medial prefrontal 704 

cortex activity, our behavioral testing suggests that functional deficits additionally extend 705 

to the perirhinal cortex, amygdala and possibly beyond. The spectrum of behavioral 706 

deficits we observe in social avoidance, anxiety, impaired fear extinction memory, and 707 

difficulties recognizing location and object novelty, would clearly impair the abilities of 708 

astronauts needing to respond quickly, appropriately and efficiently to unexpected 709 

situations that arise over the course of a mission to Mars. Moreover, past studies have 710 

found an inverse relationship between increased animal anxiety and decreased 711 

depression-like behavior in the FST (Estanislau et al., 2011) that could account for our 712 

observed result. The anxiety-like behavior of neutron-irradiated mice implicates 713 

additional brain regions that appear to be disrupted by chronic, low dose rate exposures 714 

and suggests that astronauts will also be at risk for developing mood disorders during 715 

long duration space flights. Importantly, our findings mirror those obtained with multiple 716 

charged particle types, in which similarly low doses were instead administered over 717 
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acute (minutes) times (Rabin et al., 2011; Cherry et al., 2012; Haley et al., 2013; Davis 718 

et al., 2015; Parihar et al., 2015b; Parihar et al., 2016; Whoolery et al., 2017; Carr et al., 719 

2018; Jewell et al., 2018; Parihar et al., 2018). The fact that similar and significant 720 

behavioral deficits arise following markedly different dose rate irradiations argues in 721 

favor of unique CNS responses to cosmic radiation exposure, distinct from other organ 722 

systems, and one that poses a potent hazard to all levels of the nervous system. 723 

 724 

However, precisely translating our findings into tangible risk estimates for such a 725 

dynamic and complex system as the brain remains a challenge. Such a task is also 726 

distinctly different from studies estimating radiogenic cancer risk where a wealth of 727 

epidemiological data exists. The KDE analysis we perform is a useful tool to assign a 728 

level of behavioral performance that can be considered to represent a severe 729 

compromise of cognitive function (Table 3). Additionally, we can use the KDE metric to 730 

quantify the numbers of individuals within the test population that display a severe 731 

impairment (Jewell et al., 2018). For the purposes of this study, the level of performance 732 

within a given test that was considered to represent severe impairment was set at the 733 

5th percentile of the control population. Substituting the derived values for severely 734 

impaired individuals into the NNH algorithm then provides estimates of absolute risk and 735 

the frequency that severely impaired performance in a given outcome measure will 736 

occur following chronic neutron irradiation. Shockingly, for multiple behavioral 737 

measures, we calculate an NNH of around 3.5-5. Thus, in a crew of five astronauts 738 

traveling to Mars, we would expect at least one member to display severe deficits in 739 

each of those cognitive functions by the time they return to Earth. 740 
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 741 

Until now, it was unclear how the CNS might respond to chronic low dose exposures 742 

simulating the space radiation environment. Low dose rates, like the ones used in our 743 

current study, produce infrequent particle traversals across non-proliferative neurons, 744 

including across very small targets such as dendritic spines and synapses (Cacao et al., 745 

2018). Thus the evoked damage may be insufficient to trigger an adaptive or 746 

compensatory response in the brain. Therefore, the sensitivity of the CNS to space 747 

radiation may instead reflect the cumulative effect of an absorbed dose over time that 748 

perturbs the delicately balanced circuit connectivity and coordinated responses 749 

essential to proper CNS function. Protracted exposures may further augment adverse 750 

effects, as plasticity becomes compromised and the re-wiring of damaged circuits 751 

becomes imperfect in the context of chronic irradiation. As NASA continues to develop 752 

the capability to produce increasingly realistic chronic GCR exposures, we will be able 753 

to even more accurately evaluate the consequences of low dose rate exposures on 754 

CNS function (Chancellor et al., 2018). 755 

 756 

Here we report the first measurements of functional outcomes in the rodent brain 757 

following space-relevant, low dose and low dose rate exposure to neutrons. These 758 

cosmic radiation simulations reveal marked disruptions in cellular- and network-level 759 

electrophysiological function and whole-animal alterations in behavioral performance. 760 

Collectively, our data clearly demonstrate that radiation-induced damage to the CNS 761 

accumulated over the course of deep space travel poses considerable risks for 762 

astronaut performance and health. Confounding efforts to elucidate the mechanistic 763 
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underpinnings of our identified disruptions is the lack of a consensus on the 764 

radiosensitive target in the CNS. While in other organ systems, radiation effects are 765 

largely attributable to DNA damage and increased cell death, such effects are not likely 766 

to play a significant role in the CNS. While our current study does not address the 767 

molecular changes underlying the deficits we report, it does present a framework for 768 

CNS mechanism to target in future studies. In the long term, the nature of the radiation 769 

environment in space will not deter our efforts to travel to Mars, but it may be the single 770 

biggest obstacle humankind must resolve to travel beyond the Earth’s orbit. 771 
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 957 

 958 

Figure Legends 959 

Figure 1. Neutron irradiation alters the electrophysiological properties of CA1 960 

pyramidal neurons. All data are from whole cell current clamp recordings of CA1 961 

pyramidal neurons from the superficial layer of the dorsal hippocampus, six months 962 

following the completion of 18 cGy neutron irradiation. A) Resting membrane potential 963 

was decreased following neutron irradiation. B) Representative examples of responses 964 

to a range of brief current injections in neurons from 0 cGy control and 18 cGy mice. C) 965 

The rheobase current required to evoke an action potential was greater in neutron-966 

irradiated animals as compared to concurrent controls. D) Action potential frequency 967 

was attenuated across a range of current injections in 18 cGy neurons, (E) including in 968 

a subset of neurons with an RMP within -69.6±3 mV. F) There was no significant 969 

alteration in input resistance. N=8/7 animals, 29/28 cells (0 cGy and 18 cGy, 970 

respectively), except for E where N=23/16 cells. Gardner-Altman estimation plots show 971 

raw data on the left axis and a bootstrapped sampling distribution on the right axis. A 972 

black dot depicts the mean difference between groups and the 95% confidence interval 973 

is indicated by the ends of the vertical black bars. Data are presented as Mean ± SEM 974 

for D-E. *P<0.05 and ***P<0.001 (mixed linear model regression or two-way ANOVA). 975 

 976 
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Figure 2. Excitatory synaptic signaling to CA1 pyramidal neurons is decreased 977 

following neutron irradiation. All data are from whole cell recordings of CA1 978 

pyramidal neurons from the superficial layer of the dorsal hippocampus voltage clamp at 979 

-65 mV, six months following the completion of 18 cGy neutron irradiation. A) 980 

Representative examples of recordings containing spontaneous EPSCs from neurons 981 

from neutron-irradiated animals. B) sEPSCs were less frequent in neurons from 982 

neutron-irradiated animals. C) Examples of EPSCs in representative neurons from 983 

neutron-irradiated animals. Light lines show individual sEPSCs, while the darker line 984 

displays the average sEPSC during a 200 sec recording from that neuron. Neither the 985 

sEPSC amplitude (D) nor sEPSC charge transfer (E) were altered by neutron irradiation. 986 

N=8/7 animals, 24/25 cells (0 cGy and 18 cGy, respectively). Gardner-Altman 987 

estimation plots show raw data on the left axis and a bootstrapped sampling distribution 988 

on the right axis. A black dot depicts the mean difference between groups and the 95% 989 

confidence interval is indicated by the ends of the vertical black bars. *P<0.05 (mixed 990 

linear model regression). 991 

 992 

Figure 3. Neutron irradiation alters long-term synaptic plasticity in the 993 

hippocampal area CA1 and ventral medial prefrontal cortex. A, B) Extracellular field 994 

recordings following stimulation of the Schaffer-commissural projections to the proximal 995 

apical dendrites of field CA1b of the dorsal hippocampus, six months following 996 

completion of the 18 cGy neutron irradiation. A) Following a stable 20 min baseline 997 

recording, a single train of theta burst stimulation (TBS) was applied and baseline 998 

recordings were resumed for an additional 60 min. The time course shows that TBS-999 
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induced LTP was markedly reduced in slices from irradiated mice as compared to slices 1000 

from 0 cGy control mice. Inset; representative traces collected during baseline (solid 1001 

line) and 60 min post-TBS (dotted line). B) Field EPSP slope was significantly reduced 1002 

60 min post-TBS in slices from the neutron-irradiated mice as compared to controls. 1003 

C-D) Field responses recorded in cortical layer III following stimulation of glutamatergic 1004 

inputs in cortical layer IV of the ventral medial prefrontal cortex. C) Similar results were 1005 

obtained as shown in panel A. TBS-induced LTP was nearly completely blocked in 1006 

slices from neutron-irradiated mice relative to controls. Inset; representative traces 1007 

collected during baseline (solid line) and 60 min post-TBS (dotted line). D) Field EPSP 1008 

slope was significantly reduced 60 min post-TBS in slices from 18 cGy mice as 1009 

compared to controls. N=9 slices per group. ***P<0.0001 (two-tailed t-test). 1010 

 1011 

Figure 4. Space-relevant, low dose rate neutron irradiation disrupts cognition. A-1012 

B) Social interaction behavior testing of mice three months after the conclusion of 1013 

neutron irradiation (18 cGy cumulative dose) reveals an increase in avoidance behavior 1014 

during 10 min trials as compared to unirradiated control mice, while the total time spent 1015 

interacting did not change. C) Disrupted performance on a novel object recognition 1016 

(NOR) task by irradiated mice indicates a significant decrement in novelty recognition 1017 

memory. D) The spatial exploration behavior analyzed for the object in place (OiP) task 1018 

demonstrates that neutron irradiation impairs spatial memory retention as manifested in 1019 

a reduced preference to explore the novel placement of objects.  Data are presented as 1020 

Mean ± SEM (N=8 per group, A; and N=14 per group, B-D). *P<0.05 (Mann-Whitney’s 1021 

two-tailed, non-parametric t-test) compared to controls. 1022 
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 1023 

Figure 5. Space-relevant, low dose rate neutron irradiation elicits anxiety-like 1024 

behavior. A) Neutron irradiation increases anxiety-like behavior as the irradiated mice 1025 

exhibit reduced numbers of transitions between the light and dark chambers in the light-1026 

dark box (LDB) test. B) Irradiated mice did not show depression-like behavior on the 1027 

forced swim test (FST). C) Lastly, neutron irradiation compromised fear extinction 1028 

memory function. Mice showed elevated freezing following a series of 3 tone-shock 1029 

pairings (0.6 mA, T1-T3). Subsequently, 24 hour later, fear extinction training was 1030 

administered every 24-hour (20 tones) for 3 days. All mice showed a gradual decrease 1031 

in the freezing behavior (Day 1-3), however, irradiated mice spent a significantly higher 1032 

time in freezing compared to controls. Twenty-four hours after extinction training, control 1033 

mice showed abolished fear memory compared to neutron-exposed mice (c1, insert). 1034 

Data are presented as Mean ± SEM (N=14 per group, A-C, c1). *P<0.05, **P<0.01, and 1035 

***P<0.001 (Mann-Whitney’s two-tailed, non-parametric t-test) compared to controls. 1036 
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Tables 1037 

 1038 

Table 1. Mean values of lineal energy (y) and LET (L) based on frequency (f) and dose 1039 

(D) of energy deposition events. 1040 

 1041 

Neutrons (keV/μm) 

fy  45 

fL  46 

Dy  80 

DL  68 

Total (keV/μm) 

Dy  64 

  1042 
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Table 2. Neutron radiation-induced alterations in action potential intrinsic properties. 1043 

 1044 

Parameter 
Mean [95% CI] Mean 

Difference 
[95% CI] 

Cohen’s d 
[95% CI] 

MLM z-
Value 

MLM p-
Value 0 cGy 18 cGy 

AP Threshold (mV) -41.9 
[-43.2, -40.5] 

-41.6 
[-43.5, -39.7] 

0.29 
[-1.74, 2.13] 

0.08 
[-0.45, 0.67] 0.300 0.765 

AP Height (mV) 87.5 
[82.7, 92.3] 

87.9 
[81.0, 94.7] 

0.37 
[-6.05, 7.85] 

0.03 
[-0.48, 0.57] 0.106 0.915 

AP Width (ms) 1.24 
[1.14, 1.35] 

1.19 
[1.04, 1.35] 

-0.048 
[-0.228, 0.081] 

-0.17 
[-0.64, 0.36] -0.618 0.536 

AP After-
hyperpolarization (mV) 

-8.45 
[-9.84, -7.06] 

-7.43 
[-9.38, -5.48] 

1.02 
[-0.75, 3.08] 

0.27 
[-0.26, 0.72] 1.022 0.307 

Hyperpolarization Sag 
(mV) 

1.90 
[1.62, 2.19] 

1.92 
[1.51, 2.34] 

0.020 
[-0.321, 0.366] 

0.03 
[-0.52, 0.56] 0.134 0.894 

 1045 
CI (confidence interval); MLM (mixed linear model regression analysis). 1046 
CIs for mean values are determined based on an MLM test, CIs for mean difference and 1047 
Cohen’s d are based on a 5000 resampling, bias-corrected and accelerated bootstrap 1048 
analysis.  1049 
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Table 3. Kernel density estimation for neutron radiation-induced behavioral deficits. 1050 

 1051 

Test Endpoint 
TD 

Concept 
TD 

Sham 

(%) 

Neutron 

(%) 
P Value ARR NNH CI 

SIT Interact Time Bottom % >42.1 5.0 34.4 0.019 29.3 3.4 2.5,5.2 

NOR DI Bottom % <0.85 5.0 41.1 <0.0001 36.0 2.8 2.1,3.9 

OiP DI Bottom % <1.0 5.0 34.6 <0.0001 29.6 3.4 2.5,5.2 

LDB No. Transitions Bottom % <8.0 5.0 24.8 0.0001 19.8 5.1 3.4,9.7 

FST % Time Floating Upper % >55.7 5.0 0.7 NS 0.7 143 14.4,infinity 

FE % Time Freezing Upper % >26.2 5.0 36.8 <0.0001 31.8 3.1 2.4,4.7 

 1052 

SIT (social interaction test); NOR (novel object recognition); OiP (object in place); LDB 1053 

(light-dark box); FST (forced swim test); FE (fear extinction); DI (discrimination index); 1054 

TD (Threshold dose); ARR (absolute relative risk); NS (not significant); NNH (number 1055 

needed to harm); CI (confidence interval) 1056 

Fisher’s exact t-test, 2-sided, α<0.05 1057 












