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Abstract

Purpose—Cranial irradiation with 56Fe, a form of space radiation, causes hippocampus-

dependent cognitive changes. 56Fe irradiation also increases reactive oxygen species (ROS) levels, 

which may contribute to these changes. Therefore, we investigated the effects of the antioxidant 

alpha lipoic acid (ALA) on cognition following sham-irradiation and irradiation.

Material and Methods—Male mice were irradiated (brain only) with 56Fe (3Gy) or sham-

irradiated at 6–9 months of age. Half of the mice remained fed a regular chow and the other half of 

the mice were fed a caloric-matched diet containing ALA starting two-weeks prior to irradiation 

and throughout cognitive testing. Following cognitive testing, levels of 3-nitrotyrosine (3NT), a 

marker of oxidative protein stress, and levels of microtubule-associated protein (MAP-2), a 

dendritic protein important for cognition, were assessed using immunohistochemistry and confocal 

microscopy.

Results—ALA prevented radiation-induced impairments in spatial memory retention in the 

hippocampal and cortical dependent water maze probe trials following reversal learning. However, 

in sham-irradiated mice, ALA treatment impaired cortical-dependent novel object recognition and 

amygdala-dependent cued fear conditioning.

Conclusion—ALA might have differential effects on the brain under normal physiological 

conditions and those involving environmental challenges such as cranial irradiation.
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Introduction

During space missions, astronauts are exposed to high energy charged 56Fe particles. This is 

associated with long-term cognitive changes related to the dose delivered to the medial 

temporal lobe, the site of the hippocampus, a critical brain structure for learning and 

memory [1]. These changes might involve alterations in the level of reactive oxygen species 

(ROS), which are a major component of oxidative stress and increased by irradiation [2]. 

Although ROS are involved in learning and memory, a prolonged increase in ROS can lead 

to cell damage and cell death through oxidation of cellular components such as lipids, 

proteins and DNA [3]. Because of its high oxygen consumption and relatively low levels of 

antioxidants, the brain is particularly vulnerable to ROS damage. When the production of 

ROS exceeds the ability of the cell to repair itself and is greater than what the antioxidants 

can scavenge, oxidative stress occurs. Restoration of the balance between ROS and 

antioxidants may prevent oxidative damage. Therefore, supplementation of antioxidants 

might also ameliorate the effects of irradiation on cognitive function.

The antioxidant, α-lipoic acid (ALA) can directly scavenge ROS and it appears to restore 

age-related reductions in the antioxidant glutathione. ALA also participates in the recycling 

of vitamin C and vitamin E and is able to chelate redox active transition metals thereby 

inhibiting production of other ROS such as hydrogen peroxide and the hydroxyl radical. In 

addition to its antioxidant properties, ALA in its reduced form, dihydrolipoic acid (DHLA), 

increases acetylcholine production by activation of choline acetyltransferase and appears to 

increase glucose uptake in insulin-resistant neurons. Because ROS are also required for 

learning and memory, the potential effects of ALA on the cognitive function of sham-

irradiated and irradiated mice are not clear.

The protective properties of ALA on the brain have been observed under a variety of 

challenges including irradiation [2]. ALA (200mg/kg, i.p.) administered to mice prior to 

whole body 56Fe irradiation (1.5 Gy), prevented radiation-induced deficits in water maze 

reference memory and attenuates measures of oxidative stress in the cerebellum. The 

purpose of this study was to assess whether ALA can also prevent radiation-induced 

impairments in other cognitive domains. To assess the effects of ALA and irradiation 

treatments on oxidative stress, levels of 3-nitrotyrosine were assessed in brain regions 

important for the assessed behaviors using immunohistochemical methods.

Microtubule associated protein 2 (MAP2), a protein important for the assembly of 

microtubules, particularly in the dendritic arbor, is associated with changes in learning and 

memory [4]. Therefore, the effects of ALA on MAP-2 immunoreactivity in the hippocampus 

and cortex of behaviorally tested sham-irradiated and irradiated mice were assessed as well.

Villasana et al. Page 2

Pharmacol Biochem Behav. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Mice

Male C57Bl/6J mice were bred and housed in our colony. Food and water were provided ad 

libitum, and there was a constant 12-on/12-off light cycle (on at 6:00 am; off at 6:00 pm). At 

approximately 6–9 months of age, mice were maintained on a regular chow diet (PicoLab 

Rodent Diet 20, #5053; PMI Nutrition International, St. Louis, MO) or placed on a matched 

diet to which ALA was added (Rodent Pico Chow 20 + 0.165 % LA, Animal Specialties 

Inc ,Woodburn, OR (part of PMI)) (see supplementary data for spec sheets). The 

concentration of ALA used in the current study was based on previous studies showing 

neuroprotective effects when this concentration was administered through the diet for up to 6 

months [5]. Three weeks later the mice were sham-irradiated or irradiated, and three months 

after irradiation the mice were behaviorally tested, as described below.

56Fe Irradiation

Two weeks after placing mice on the selected diets, they were shipped from our facility to 

Brookhaven National Laboratories (BNL) in Upton NY and allowed to acclimate for 1 week 

before sham-irradiation or irradiation. Following i.p. anesthesia (ketamine (Sigma), 80 

mg/kg and xylazine (Sigma), 20 mg/kg), mice were sham-irradiated (n = 7–8 per diet) or 

head only irradiated (n = 6–7 per diet) with 56Fe at a dose of 3 Gy (600 MeV/amu). Sham-

irradiated mice underwent the same procedure except that they were not irradiated. Four 

days later, the mice were shipped back to our facility. Mice remained on their selected diets 

throughout behavioral testing. All procedures were according to the standards of the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and 

approved by the Animal Care and Use Committees of our facility and BNL.

Behavioral Testing

Behavioral testing began 3 months following sham-irradiation or irradiation. Cognitive 

function was assessed using the novel location and novel object recognition tests, contextual 

and cued fear conditioning test, and water maze test, as described in the supplement.

Immunohistochemistry

Following behavioral testing, the mice were processed for 3NT and MAP-2 

immunohistochemistry, as summarized in the supplement.

Results

Condition of mice during experimental procedures

ALA fed sham-irradiated and irradiated mice did not show any signs of distress or sick-like 
behaviors. Furthermore, there were no group differences in locomotor activity in any of the 

behavioral tests (see also Table 1, supplement) to suggest any potential physical adverse 

effects of either irradiation or ALA treatment.
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Measures of exploratory and anxiety-like behaviors in the open field and elevated zero 
maze tests

There were no effects of irradiation, ALA or interaction between the two treatments for 

percent time spent in the center region of the chamber, entries made into the center area or 

distance moved in the open field test (Table 1, supplement), indicating that neither treatment 

affected exploratory or anxiety-like behaviors. There was also no effect of irradiation, ALA, 

or interaction between the treatments for time spent in the open areas of the maze, entries 

into the open areas or distance moved in the elevated zero maze (Table 1, supplement). Thus, 

the results of both the open field test and the elevated zero maze test indicate that neither 

ALA nor irradiation affected exploratory or anxiety-like behaviors.

Novel location and novel object recognition tasks

None of the groups of mice exhibited novel location recognition, i.e. exploration of a 

familiar object in a novel location (data not shown) but some groups did show novel object 

recognition. To detect novel location recognition may require a more sensitive paradigm. 

There might be a greater motivation to explore a displaced object than motivation to explore 

a novel object. In the cortical-dependent novel object recognition task, sham-irradiated and 

irradiated mice receiving the regular diet showed novel object recognition and spent more 

time exploring the novel object than either familiar object but ALA-fed sham-irradiated and 

irradiated mice did not (sham-irradiated control diet, F2,23 = 27.83; P < 0.001; irradiated 

control diet, F2,20 = 5.93; P < 0.01, Dunnett’s post-hoc, Fig. 1). As there are three objects in 

this test, change levels would be 33%. Similarly, the majority of mice on regular diet 

explored the novel object more than the familiar objects whereas the majority of ALA-fed 

mice did show this preference (Fig. 1).

Hippocampus- and amygdala-dependent conditioned fear

There were no pre-existing differences between the four different treatment groups on 

freezing behavior or distance moved prior to fear conditioning training as assessed by 

analysis of the first two minutes of the training trial before mice received the tone or shock 

(data not shown).

There was no overall effect of irradiation, diet or significant group interactions observed 

during contextual fear conditioning on day two when the mice were reintroduced to the fear 

conditioning chamber (data not shown). However, in the cued fear conditioning test, there 

was a diet by irradiation interaction (F1,26 = 5.2; P < 0.05, Fig. 2). While ALA reduced fear 

conditioning is sham-irradiated mice it enhanced cued fear conditioning in irradiated mice. 

As a consequence, within ALA-fed mice, sham-irradiated mice froze less in response to the 

tone compared to irradiated mice (P < 0.05, Fisher’s PLSD). This effect of irradiation was 

not observed in regular diet-fed mice.

Spatial learning and memory in the water maze

There were no group differences in swim speeds during the visible platform training 

sessions in the water maze. Therefore, latency to the platform was used as a measure of 

performance. All groups of mice learned the task and improved their performance during the 

visible platform training (F2.3,55.1 = 77.99; P < 0.001, Greenhouse-Geisser, repeated 
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measures ANOVA), and there were no significant effects of the treatments or interactions 

between them (data not shown).

During the hidden platform training sessions, all groups of mice learned the first platform 

location (effect of session: F3,72 = 23.95; P < 0.001, repeated measures ANOVA) and the 

second platform location (effect of session: F2.05,49.29= 11.90; P < 0.001, Greenhouse-

Geiser, repeated measures ANOVA). There were no interactions between irradiation and diet 

for test performance during the sessions. Analysis of the percent time spent swimming in the 

outer zone (thigmotaxic behavior) showed no difference in thigmotaxis during the visible 

platform sessions (data not shown). However, during the first hidden platform training 

sessions, there was a significant effect of diet on thigmotaxis in session 5 (session x diet 

interaction, F3,72 = 3.38; P < 0.05). Mice receiving the ALA-containing diet spent more time 

in the peripheral zone of the pool than mice receiving the control diet (18.1 ± 2.3% versus 

11.6 ± 2.1%, respectively). However, a group difference in thigmotaxic behavior was only 

observed in this first hidden platform session. There were no group differences in 

thigmotaxic behavior during the training sessions for the second hidden platform location.

In the first probe trial, following one day of training for the first platform location, only 

irradiated mice on the ALA diet showed a significant preference for the target quadrant (P < 

0.05, Probe 1, Fig. 3). Upon further training, all groups of mice except sham-irradiated ALA 

fed mice showed a target preference during the second probe trial (Probe 2, Fig. 3).

In the first probe trial following reversal training (Probe 3, Fig. 3), sham-irradiated mice on 

regular diet and irradiated ALA-fed mice were the only groups of mice that showed a target 

quadrant preference during the third probe trial (P < 0.05). Upon further training, all groups 

of mice except irradiated mice receiving the regular diet showed a target preference in the 

fourth probe trial (Probe 4, Fig. 3). Similar effects of irradiation and ALA diet on the water 

maze probe trials were observed when the data were analyzed using cumulative distance to 

the platform as the performance measure (data not shown).

3NT Immunoreactivity

Next, we determined potential effects of irradiation and diet on the mean pixel intensity of 

3NT immunoreactivity in the dentate gyrus, enthorhinal cortex, and amygdala (Fig. 4). 

While there were no significant effects of irradiation or diet, there was a trend towards lower 

3NT levels in irradiated mice receiving a diet containing ALA than irradiated mice receiving 

a regular diet. In sham-irradiated mice, the opposite pattern is seen: higher 3NT levels in 

sham-irradiated mice receiving ALA than sham-irradiated mice receiving a regular diet.

MAP-2 Immunoreactivity

For MAP-2 immunoreactivity, there was an interaction between brain region, irradiation and 

diet (F4,44 = 3.52; P < 0.05). Representative images are shown in Fig. 5. In the hippocampal 

dentate gyrus of mice on regular diet, irradiated mice had increased MAP-2 

immunoreactivity compared to sham-irradiated mice (F1,7 = 9.23; P < 0.05, Fig. 6). In sham-

irradiated mice, ALA appeared to also increase MAP-2 immunoreactivity but this effect did 

not reach significance (P = 0.17). None of the other brain regions assessed showed similar 

increases in MAP-2 immunoreactivity following irradiation (data not shown).
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Discussion

In this study we show that ALA prevents radiation-induced impairments in spatial memory 

retention in the water maze probe trials following reversal learning. However, in sham-

irradiated mice ALA treatment impairs novel object recognition and cued fear conditioning. 

Thus, ALA might have differential effects under normal physiological conditions and those 

involving environmental challenges such as cranial irradiation.

In the water maze task, 56Fe irradiation to the brain only disrupted water maze probe trial 

performance when the task was made more challenging with reversal learning. This effect 

was prevented by ALA. The finding that the mice showed intact spatial memory retention 

for the first platform location indicates that, under the tested experimental conditions, 

cognitive flexibility might be particular sensitive to the effects of irradiation.

An adverse effect of ALA was observed in sham-irradiated mice in the first three but not 

fourth water probe trials. This suggests that sham-irradiated mice can overcome ALA-

induced deficits when given enough training. In addition, poor memory for the first platform 

location (Probes 1 and 2) might have facilitated learning and memory of the new platform 

location, resulting in a preference for the target quadrant in Probe 4. However, poor memory 

retention for the new platform location during early training in the third probe trial suggests 

that poor memory retention for the first platform location is not sufficient to acquire memory 

for the second platform location. Similar to the water maze data, ALA consumption by 

sham-irradiated mice adversely affected performance on the amygdala-dependent cued fear 

conditioning task. Irradiation also reversed ALA-induced impairments in this task. Thus, 

emotional learning and memory in the amygdala might also be sensitive to ALA.

Compounds with antioxidant activity other than ALA are also being considered to mitigate 

radiation effects, for example inhibitors of angiotensin-converting enzyme (ACE) [6]. In the 

brain, the renin-angiotensin system (RAS) is found in neurons and glia and release renin and 

angiotensinogen. They interact to generate biologically-inactive angiotensin I that is cleaved 

by ACE to form biologically-active angiotensin II (AII). AII binds to AII type-1 and type-2 

receptors (AT1R and AT2R) that are highly expressed in the hippocampus and can enhance 

apoptosis, inflammation, and oxidative stress. Following focal irradiation at a dose of 30 Gy, 

ACE inhibitors were shown to mitigate the development of white matter necrosis in the optic 

tract [7]. ACE inhibitors show therapeutic promise as mitigators of chronic radiation 

injuries. Following total body irradiation, they were shown to mitigate chronic renal failure 

in rats [8, 9]. Consistent with these animal studies, in patients undergoing total body 

irradiation and hematopoietic stem cell transplantation, ACE inhibitors were shown to be 

safe and efficacious in mitigating chronic renal failure [10]. However, in mice ACE 

inhibitors worsened the functional and histopathologic damage in kidneys after injection of 

an in vivo generator of alpha- and beta-particle emitting elements [11]. A related type of 

compound, an AT1 receptor antagonist (L-158,809), offered moderate mitigation of 

radiation injury to mouse kidneys [11]. When used prior to, during, and after fractionated 

brain irradiation, the same AT1 receptor antagonist mitigated radiation-induced impairments 

in novel object recognition in rats [12]. However, while not significant in the overall 

analysis, there was a clear trend for the AT1 receptor antagonist to reduce novel object 
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recognition in sham-irradiated rats [12], consistent with the detrimental effects of ALA on 

novel object recognition in sham-irradiated mice observed in the current study.

Statins, which block the rate-limiting step of cholesterol biosynthesis and are widely used to 

treat hypercholesterolemia and atherosclerosis, are also being considered as mitigators for 

radiation injury based on their ability to reduce inflammation [13] and oxidative stress [14], 

including oxidative stress caused by AII. For example, statins have been shown to mitigate 

radiation-induced pneumonitis [15] and to delay intestinal radiation injury in rats [16]. The 

effects of statins on cognition under baseline conditions and following radiation are less 

clear. A combined diet containing the ACE inhibitor Ramipril (via drinking water) and 

Atorvastatin (via diet) did show mitigation of the radiation-induced reduction in 

doublecortin-positive immature neurons in the dentate gyrus following a dose of 10 Gy 
137Cs [17]. However, the combined Ramipril/Atorvastatin diet had no mitigating effects on 

radiation-induced changes in contextual fear conditioning (Raber et al, unpublished 

observations). In addition, when Ramipril or Atorvastatin were started 24 hours following 

cranial irradiation with 15 Gy 137Cs, they did not mitigate contextual fear conditioning and 

impaired cued fear conditioning (Raber et al, unpublished observations). These divergent 

data, rat [13, 17] (and personal communication Dr. Jenrow) vs. mouse [12] (and current 

study) could be due to the time point of initiation of treatment, type (ACE inhibitor versus 

AT1 receptor antagonist) and dose of the drug used, rodents species used (rats versus 

mouse), dose and type (single dose or fractionated dose) of irradiation, and cognitive test 

used.

Our data indicate that MAP-2 is sensitive to irradiation and ALA. However, the discrepancy 

in the pattern seen with respect to treatments and behavioral outcomes suggests that changes 

in this marker of dendritic morphology can not fully explain the effects of irradiation or 

ALA on cognitive function.

In conclusion, our study supports the idea that ALA might only be beneficial following 

environmental challenges but be detrimental under baseline conditions. This paradoxical 

effect might not be limited to ALA as we have seen similar effects with Ramipril or 

combined treatment with Ramipril and Atorvastatin (Raber et al, unpublished observations). 

Future studies are warranted to determine the mechanisms underlying the effects of 

irradiation and ALA and other anti-oxidants on cognition. In addition, other behavioral 

assessments with tests sensitive to cortical function, such as working memory water maze 

and fear extinction are needed to further elucidate the effects of irradiation in the presence or 

absence of anti-oxidants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Novel Object Recognition of sham-irradiated and irradiated mice receiving a regular diet or 

a diet containing ALA. *P < 0.05 versus the other two objects.
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Figure 2. 
Cued fear conditioning of sham-irradiated and irradiated mice receiving a regular diet or a 

diet containing ALA. Freezing measures of sham-irradiated and irradiated female and male 

mice with or without ALA supplementation during the pretone (white bars) and tone (black 

bars) in the cued fear conditioning task are shown. *P < 0.05.
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Figure 3. 
Spatial memory retention of sham-irradiated and irradiated mice receiving a regular diet or a 

diet containing ALA in for the first hidden platform location (Probes 1 and 2) and second 

hidden platform location (Probes 3 and 4) in the water maze probe trials is shown. Spatial 

memory retention was measured as the percent time spent in the target quadrant where the 

platform was previously located compared to the other three non-target quadrants. *P < 0.05 

versus the three non-target quadrants.
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Figure 4. 
3NT immunoreactivity in the amygdala, enthorhinal cortex, and dentate gyrus of sham-

irradiated and irradiated mice receiving a regular diet or a diet containing ALA. Mean pixel 

intensities are shown.
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Figure 5. 
Representative images of MAP-2 immunoreactivity in the dentate gyrus of sham-irradiated 

and irradiated mice receiving a regular diet or a diet containing ALA.
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Figure 6. 
MAP-2 immunohistochemistry (IR) in the dentate gyrus of sham-irradiated and irradiated 

male with or without LA supplementation. In non-LA supplemented male mice, irradiation 

increased MAP-2 IR in the dentate gyrus of the hippocampus (*P < 0.05 versus sham-

irradiated non-LA supplemented mice, Fisher’s PLSD following ANOVA).
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