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Abstract

Exposure to low doses of heavy particles and protons, which will be encountered during long-term
exploratory class missions to other planets, can cause deficits in cognitive performance. These
deficits are similar to those observed in aged animals. The long-term effects of such exposures and
their relationship to the short-term effects and to aging remain to be established. Two-month old
rats were exposed to a variety of heavy particles and protons. Recognition memory was tested at
two time points following irradiation. The results showed that exposure to doses of radiation that
did not disrupt cognitive performance in the younger animals, disrupted performance when the
subjects were re-tested at an older age. These results indicate that there is an interaction between
the age of the organism and the effects of exposure to space radiation on cognitive performance,
such that exposure to doses of heavy particles or protons that may not produce an initial effect on
cognitive performance may produce an effect as the organism ages. Because of the interaction
between exposure to the types of radiation encountered in space and age, it is possible that par-
ticipating in exploratory class missions may have consequences for the quality of life after the
conclusion of the mission.
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1. Introduction
On exploratory class missions to Mars astronauts will be exposed to types of radiation (cosmic rays) not expe-
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rienced in low earth orbit [1]-[3]. Cosmic rays are composed of protons and particles of high energy and charge
(HZE particles). Exposing young rats (=2 months of age) to HZE particles can produce “accelerated aging” such
that irradiated rats show neural and cognitive deficits that are characteristic of old animals [4]-[6]. In the short-
term (1 - 4 months post-irradiation) there is a deficit in the performance of cognitive tasks, including operant
responding [7], fear conditioning [8] and spatial learning and memory [9] [10]. However, the long-term conse-
quences of exposure to HZE particles and the relationship to the short-term effects remain to be fully determined.
Research to-date using operant responding on an ascending fixed-ratio schedule (which measures the respon-
siveness of the organism to changes in environmental stimuli and their motivation to respond to changes in
reinforcement schedules) and a single HZE particle (**Fe) has shown that cognitive performance following ex-
posure to HZE particles is a function of both the time since exposure [11] as well as age of irradiation [12].
These results suggest that exposure to doses of HZE particles that are not high enough to affect cognitive per-
formance at the time of exposure, may affect performance at some later time.

The present experiment was designed to evaluate the age-related changes in the sensitivity to exposure to the
range of particles that make up the spectrum of cosmic rays to which astronauts will be exposed and the changes
in sensitivity as a function of the increased age of the subject. The level of performance was measured by deter-
mining the threshold dose (the lowest dose of a particle) which produced a change in performance compared to
non-irradiated control animals at two time intervals. As such, it should be possible to determine whether or not
there is no change in performance, recovery of function or continued deterioration of performance as a function
of time following exposure. Because exposure to HZE particles and protons during a long-duration exploratory
class mission may have implications for the quality of life after the completion of the mission, it is important to
determine how the age of the organism interacts with exposure to cosmic rays.

2. Methods
2.1. Subjects

The subjects were male Sprague-Dawley rats weighing 200 - 225 g at the time of irradiation. These rats were
approximately 2 months of age at the time of irradiation. Prior to irradiation, the rats were maintained in an
AAALAC-accredited facility at Brookhaven National Laboratory (BNL). After irradiation the rats were shipped
to University of Maryland Baltimore County (UMBC) for behavioral testing. The facility at UMBC is monitored
by the Comparative Medicine and Veterinary Resources division of the University of Maryland, Baltimore
School of Medicine. All procedures were approved by the IACUCs of both BNL and UMBC. At both facilities
the rats were maintained on a 12:12 hour light:dark cycle with food and water continuously available.

2.2. Radiation

The rats were radiated at the NASA Space Radiation Laboratory (NSRL) at BNL. Dosimetry was provided by
the staff of the NSRL using parallel plate ionization chambers. Large area ion chambers were used to measure
and trigger the cut-off of the beam once the requested dose had been delivered. These ion chambers were cali-
brated by simultaneously exposing a NIST-traceable thimble ion chamber to the beam after the beam energy
was selected and beam shape tuned. Tungsten bricks four inches thick were used to collimate the beam to allow
for exposures to the heads of the rats only.

Space radiation, heavy particles and protons, is characterized by the energy of the particle and by the Linear
Energy Transfer (LET) of the particle, which is a measure of the energy deposited in tissue and, consequently,
the amount of tissue damage. In general, the higher the LET of the particle, the greater the amount of tissue
damage. The particles, energies and doses to which the rats were exposed are summarized in Table 1. The initial
sample size was ten rats/dose. For radiation, unanesthetized rats were restrained in well-ventilated plastic tubes.
The nominal dose rates (5 - 100 cGy/min) were adjusted so that the total irradiation time did not exceed 3 - 4
min; as such the animals given the higher total doses were also subjected to slightly higher dose rates.

2.3. Behavior

The novel object recognition task is a measure of recognition memory. This procedure has been described in de-
tail previously [13]. Subjects are tested in an open field (93 cm x 93 cm). The stimulus objects vary in shape and
color. On the conditioning day two identical (familiar) stimulus objects are placed in symmetrical locations in
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Table 1. HZE particles and energies.

Months Post-Irradiation

Particle Energy LET Dose Range
(MeVIn) (keV/um) (cGy) Test 1 Test 2
%0 600 16 0.1-25.0 2 (70) 10 (64)
%0 1000 14 5.0 - 200.0 4 (60) 12 (52)
e 290 13 5.0 - 150.0 1(110) 11 (98)
Agj 380 50 0.5-100.0 4 (64) 10 (49)
Agj 600 44 10.0 - 200.0 5 (88) 9 (79)
Agj 1000 41 25.0 - 200.0 4 (88) 13 (73)
OTj 1100 106 25.0 - 100.0 7(67) 17 (45)
%Fe 600 181 10.0 - 150.0 3(52) 12 (55)
Proton 1000 0.22 35.0 - 200.0 4 (109) 13 (79)

“() Number of subjects tested. The initial sample size was 10 rats/dose.

the open field. The rat is allowed to explore the stimuli until it accumulates 25 - 30 sec total object exploration
(i.e., exploration of either object) or until 15 min have passed. On the test day, 24 hr later, the rat is placed back
in the field with one familiar and one novel object and allowed to explore both stimuli until it has accumulated
25 - 30 sec of object exploration on either object or until 15 min have passed. Normally rats will spend more
time exploring the novel object; old rats and rats that have impaired recognition memory spend equal amounts of
time with both the familiar and novel object. When the rats are tested a second time, a different set of objects is
used. Subjects that do not meet the criterion of 25 - 30 sec exploration time are eliminated from the specific test
in order to minimize the effects of different amounts of exploration time on subsequent performance.

2.4. Statistics

The initial analysis of the data involved a one-way ANOVA. Each particle/energy/time was analyzed indepen-
dently. Comparisons between the different doses of radiation and the non-irradiated controls at each time point
were performed using Fisher’s Protected-T.

3. Results

The results are presented in Figures 1-6 and summarized in Figure 7. In general, the control animals in all ex-
periments spent more time with the novel object than with the familiar object. For all particles tested, exposure
to HZE particles and protons produced a disruption of recognition memory. An apparent exception was with the
experiment exposing younger subjects to **C particles. However, only three of the ten non-irradiated controls
met the criteria (25 - 30 sec exploration time) so that the results cannot be accepted as completely accurate.

For the most part, the dose that disrupted novel object recognition in the older animals was less than or equal
to the dose needed to disrupt cognitive performance in younger animals (Figure 7). Recognition memory per-
formance of the older animals was disrupted by a dose of HZE particles and protons that was 10% - 50% of the
dose needed to disrupt performance in the younger animals, regardless of the absolute value of the dose needed
to disrupt recognition memory in the younger subjects. Exposure to a dose of HZE particles or protons that did
not disrupt performance in younger subjects was sufficient to disrupt recognition memory in rats as they grew
older. The enhanced effectiveness of a lower dose of HZE particle irradiation on the second test in older subjects
did not result from prior experience with the specific task. If the prior experience affected subsequent perfor-
mance, the performance of the control animals, as well as the irradiated subjects, should have been altered. Since
there was no systematic change in the performance on the non-irradiated control animals, it is unlikely that the
prior experience with the task affected subsequent performance.

The major exceptions to the observation that lower doses of HZE particles were needed to disrupt cognitive
performance in the older subjects were in the animals exposed to the two energies of '°O particles (600 and 1000
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Figure 1. Effects of exposure to %0 particles on novel object recognition performance measured as the percent time ex-
ploring the novel object. Mean + standard error of the mean (S.E.M.). “Significantly different than non-irradiated (0 cGy)
controls. (A) (B) 600 MeV/n. (A) 2 months post-irradiation; (B) 10 months post-irradiation. (C) (D) 1000 MeV/n. (C) 4
months post-irradiation; (D) 12 months post-irradiation.

MeV/n) and to %Si particles (600 and 1000 MeV/n), although the reasons for this were different for the two par-
ticles. The performance of the younger animals exposed to the different doses of *°0 particles showed a signifi-
cant reduction in object recognition memory compared to the non-irradiated controls (Figure 1). When retested
8 months following the first test the non-irradiated controls (0 cGy) showed a reduction in the percentage of
time spent with the novel object, failing to show a significant preference for the novel object. As such, there was
no difference between the rats exposed to *°0 particles and the non-irradiated controls.

With regard to the rats exposed to *®Si particles, the effect of irradiation on cognitive function at two ages va-
ried as a function of particle energy. Whereas the older rats exposed to 380 MeV/n %Si particles (Figure 3)
showed a disruption of recognition memory at a lower dose than the older rats (0.50 cGy compared to 10 cGy),
the threshold for the rats exposed to 600 MeV/n %Si particles (Figure 3C, Figure 3D) did not vary as a function
of age: the threshold for the disruption of novel object recognition performance was 10 cGy at both times, which
was the lowest dose tested. In contrast, the older rats exposed to 1000 MeV/n Si particles required a higher
dose to disrupt recognition memory compared to the younger subjects (50 cGy in the older animals compared to
25 cGy in the younger animals; Figure 3E, Figure 3F). However, as noted with the results following exposure
to °0 particles, the increase in the dose needed to disrupt recognition memory in the rats when retested nine
months following the original test may have resulted from the reduction in the percentage of time the non-irra-
diated control rats spent exploring the novel object.
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Figure 2. Effects of exposure to **C particles (290 MeV/n) on novel object recognition performance. Mean + S.E.M.
“Significantly different than non-irradiated (0 cGy) controls. (A) 1 month post-irradiation; (B) 11 months post-irradiation.
Because the measure of the performance of the younger control subjects was not reliable (only 3 non-irradiated controls
met criterion on the first test), it was not possible to statistically compare the performance of the radiated and control sub-
jects. Because the measure of the performance of the younger control subjects was not reliable (only 3 non-irradiated con-
trols met criterion on the first test), it was not possible to statistically compare the performance of the radiated and control
subjects.

The sensitivity of the subject to different particles and different energies of the same particle, measured as the
lowest tested dose which disrupted performance (“threshold” dose), varied as a function of both the specific par-
ticle and particle LET. In general, the lower the LET of the HZE particle the lower the dose of HZE particles
needed to disrupt cognitive performance at both time points. In contrast to the effects of exposure to HZE par-
ticles the dose of protons needed to disrupt novel object recognition performance was higher than that of any
HZE particle despite its low LET.

4. Discussion

Exposure to NASA relevant doses [14] [15] of HZE particles and protons produces a disruption of recognition
memory, such that irradiated rats, unlike the non-irradiated controls, fail to spend more time with a novel object,
indicating that they are no longer able to remember the familiar object. The performance decrement is apparent
starting one month following irradiation. The results of the present experiments are consistent with previous re-
ports that exposure to NASA relevant doses of HZE particles and protons produce a decrement in cognitive per-
formance 1 - 2 months following irradiation [6] [8]-[11] [13]. At both earlier and later time points exposure to
HZE particles produced a disruption of object recognition memory, such that irradiated rats failed to distinguish
between a novel and familiar object. Not only is there no recovery of recognition memory as a function of the
passage of time following exposure; rather, the results of the present experiments indicate that older organisms
are more sensitive to the effects of HZE particles and protons than are younger subjects. Exposure to doses of
different HZE particles and protons that did not affect cognitive performance in younger subjects did affect cog-
nitive performance in subjects when they were retested 8 - 10 months following the first test (9 - 17 months post
irradiation).

These results are consistent with previously reported results [11] in which motivation to obtain reinforcement
was measured using operant responding on fixed-ratio reinforcement schedule. With this measure of cognitive
performance also there is an interaction between age and exposure to HZE particles such that as organisms age
there is an increasing sensitivity to *°Fe particles with lower doses disrupting performance. Similar results have
been obtained when older rats (7 - 18 months of age) have been exposed *°Fe particles. The doses needed to dis-
rupt performance of older rats on operant responding (a measure of motivation to respond to changes in rein-
forcement contingencies [12]) and on plus-maze performance (a measure of baseline anxiety levels [16]) are
significantly lower than the doses needed to disrupt the performance of younger rats. Also similar to previous
results [11] is the observation (Figure 1) that once threshold is reached it is possible that a higher dose will not
disrupt performance. The factor(s) that may influence this inconsistency in threshold determination is not
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Figure 3. Effects of exposure to 22Si particles on novel object recognition performance. Mean + standard error of the
mean (S.E.M.). “Significantly different than non-irradiated (0 cGy) controls. (A) (B) 380 MeV/n. (A) 4 months post-ir-
radiation; (B) 10 months post-irradiation. (C) (D) 600 MeV/n. (C) 5 months-post irradiation; (D) 9 months post-irradiation;
(E) (F)1000 MeV/n. (E) 4 months post-irradiation; (F) 13 months post-irradiation.
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Figure 4. Effects of exposure to “®Ti particles (1100 MeV/n) on novel object recognition performance. Mean + S.E.M.
Significantly different than non-irradiated (0 cGy) controls. (A) 7 months post-irradiation; (B) 17 months post-irradiation.
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figure 5. Effects of exposure to *®Fe particles (600 MeV/n) on novel object recognition performance. Mean + S.E.M.
Significantly different than non-irradiated (0 cGy) controls. (A) 3 months post-irradiation; (B) 12 months post-irradiation.
The animals exposed to 100 cGy are not included in (B) because not enough subjects met criterion.

certain, but it is possible that this variability reflects the individual variability inherent in behavioral testing. Al-
so similar to previous results [11] is the observation (Figure 1) that once threshold is reached it is possible that a
higher dose will not disrupt performance. The factor(s) that may influence this inconsistency in threshold deter-
mination is not certain, but it is possible that this variability reflects the individual variability inherent in beha-
vioral testing.

Although the general pattern of responding was such that exposure to lower doses of HZE particles and pro-
tons disrupted recognition memory in older subjects, this pattern was not observed with all particles tested. The
older rats exposed to both energies of *°O particles failed to show a lower threshold for the disruption of recog-
nition memory than when they were first tested at a younger age. In this instance the failure to show an age-en-
hanced sensitivity to exposure to *°0 particles did not represent a recovery of function in the CNS because both
the older and younger irradiated rats spent the same amount of time with the novel object. Rather, the failure to
observe a significant decrease in novel object exploration in the older subjects exposed to *°O particles reflects
the fact that the older, non-irradiated controls did not spend more time with the novel object than the younger
rats. The reason for the failure of the control animals to explore the novel object is not clear. While previous re-
search has shown that older rats explore less than younger rats [17] [18], this cannot account for the present
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Figure 6. Effects of exposure to protons (1000 MeV/n) on novel object recognition performance. Mean + S.E.M.
“Significantly different than non-irradiated (0 cGy) controls. (A) 4 months post-irradiation; (B) 13 months post-irradiation.
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Figure 7. Summary of the effects of exposure to HZE particles and protons on the on the dose needed to disrupt object
recognition performance on the first (young) and second test (old). The data is presented as log of threshold dose: the dose
needed to produce a significant disruption of object recognition memory. “There was no effect of irradiation on the per-
formance of the older animals (Test 2) for either energy of %0 particles.

effects because the controls for the other particles showed significant greater amount of exploration of the novel
object than did the irradiated subjects.

Similarly, the failure to find a decrease in the HZE particle-induced threshold as a function of age following
exposure to 2Si particles may have resulted from two factors. First, with regard to the 600 MeV/n #Si particles,
the 10 cGy dose which was the threshold dose in the young animals was the lowest dose tested. As a result,
whether or not the threshold dose for the older animals would have been lower cannot be determined. Second,
the increased threshold dose (50 cGy) for the older subjects exposed to 1000 MeV/n Si may also reflect a de-
crease in exploration in the non-irradiated controls, as was observed with the older animals exposed to °O par-
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ticles. This interpretation would be consistent with the observation that for all other particles/energies there was
a decrease in the threshold needed to produce a performance decrement when the subjects were re-tested 4 - 10
months following exposure.

It should be noted, however, that the concept of threshold in the present context is arbitrary for several rea-
sons. First, to establish the absolute threshold below which there would be no disruption of responding requires
repeated exposure of the same animal to a range of doses of a specific HZE particle; a procedure which cannot
be utilized with radiation exposure. Second, for some particles, such as 600 and 1000 MeV/n *Si (Figures
3C-F), a low enough dose was not utilized which did not affect performance; so that the actual threshold would
be lower than reported here. Nonetheless, the relative thresholds reported here are consistent for both the
younger and older animals and can be considered to approximate the actual thresholds for disrupting recognition
memory.

The present results are also consistent with the results of a previous study [19] which evaluated the relation-
ship between particle energy/LET and its effectiveness in disrupting cognitive performance using operant res-
ponding on an ascending fixed-ratio reinforcement schedule (a measure of the motivation of an organism to re-
spond for reinforcement). In those experiments it was noted that the effectiveness of different particles (e.g.,'°0
and *°Fe) in disrupting the performance of young subjects varied as a function of particle LET, such that lower
doses of *°0 or *2C particles were needed to disrupt performance than was needed for *°Fe particles. The present
results show that this pattern of effectiveness was seen with the older subjects as well: the threshold doses
needed to recognition memory was lower for the lower LET particles.

Exposure to HZE particles produces “accelerated” aging [4] [5], such that exposing young subjects to the
types of radiation that encountered during exploratory class mission produces cognitive and motor deficits that
are characteristic of the old organism. The similarities in the cognitive effects of exposure to HZE particle irra-
diation and aging may reflect the fact that the similar mechanisms mediate both natural and HZE particle-in-
duced aging. Current theories of aging propose a role for oxidative stress [20]-[24] and neuroinflammation [25]
[26] in the process. In turn, the cognitive deficits observed in aged organisms have been linked to the effects of
oxidative stress and neuroinflammation on brain function [27]-[29]. Heavy particle radiation, like other toxic
stimuli, produces oxidative stress [30]-[32] and neuroinflammation [32]-[34] resulting in changes in neuronal
and cognitive function. In effect, exposure to HZE particles accelerates the aging process [4] [5] in terms of changes
in both neuronal function and cognitive performance.

The present results, together with previous reports [11] [12], indicate that there is no recovery of cognitive
function resulting from the passage of time. Rather, there is an interaction between the age of the organism and
the effects of exposure to HZE particles on cognitive performance, such that exposure to doses of HZE particles
or protons that may not produce an immediate effect on cognitive performance may produce an effect as the or-
ganism ages. These results suggest that the changes in neural function and behavior produced by irradiation are
secondary to the changes occurring as a result of aging. As these results relate to exposure to cosmic rays on ex-
ploratory class missions, it is possible that astronauts, who are most likely to be middle-aged, will be more at
risk for a performance deficit in cognitive functioning as the mission proceeds. Because there is no recovery of
cognitive function with the passage of time, these results also suggest that the effects of exposure to the types of
radiation encountered on exploratory class missions may affect the quality of life of astronauts following the
conclusion of the mission.
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