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Abstract

The brain might be exposed to irradiation under a variety of situations, including clinical 

treatments, nuclear accidents, dirty bomb scenarios, and military and space missions. Correctly 

recalling tasks learned prior to irradiation is important but little is known about post-learning 

effects of irradiation. It is not clear whether exposure to X-ray irradiation during memory 

consolidation, a few hours following training, is associated with altered contextual fear 

conditioning 24 hours after irradiation and which brain region(s) might be involved in these 

effects. Brain immunoreactivity patterns of the immediately early gene c-Fos, a marker of cellular 

activity was used to determine which brain areas might be altered in post-training irradiation 

memory retention tasks. In this study, we show that post-training gamma irradiation exposure (1 

Gy) enhanced contextual fear memory 24 hours later and is associated with reduced cellular 

activation in the infralimbic cortex. Reduced GABA-ergic neurotransmission in parvalbumin-

positive cells in the infralimbic cortex might play a role in this post-training radiation-enhanced 

contextual fear memory.
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1. Introduction

The brain might be exposed to irradiation under a variety of situations, including clinical 

treatments, nuclear accidents, dirty bomb scenarios, and military and space missions. 
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Previous studies have investigated short- and long-term effects of pre-training/learning 

irradiation on learning and memory involving the hippocampus and cortex [1–11] and 

behaviors mediated by the dopamine reward system [12–15]. Compared to studies assessing 

cognitive function three months or longer following irradiation [12, 14, 16–18], fewer 

studies have examined earlier effects of irradiation on brain function. Manda et al showed 

that 56Fe (1.5 Gy at 500 MeV/n) increased the time male wild-type mice needed to locate 

the hidden platform in the water maze 30 days following irradiation but not at earlier time 

points [19, 20]. Recently, we showed early cognitive effects two weeks following 56Fe 

irradiation in wild-type (0.1 Gy at 500 MeV/n)[21] and human apoE mice (0.5 Gy at 500 

MeV/n) [22].

In contrast to the studies described above, little is known about post-learning effects of 

irradiation. Correctly recalling tasks learned prior to irradiation is important and pertinent to 

assess. For example it is not clear whether exposure to X-ray irradiation a few hours 

following training, during memory consolidation, is associated with altered contextual fear 

conditioning 24 hours after irradiation.

In most studies, there is a bias to study a particular brain region that is pertinent to a specific 

behavioral or cognitive change seen following radiation exposure. Brain immunoreactivity 

patterns of the immediately early gene c-Fos, a marker of cellular activity [23–28], can be 

used to determine which brain areas might be altered in post-training irradiation memory 

retention tasks. In addition to neurons, glia also expresses c-Fos in brain [24, 29–34]. 

Cellular activation of c-Fos might be especially important following glutamate activation. C-

Fos activation was reported in fibroblasts transfected with the glutamate receptor subunit 

GluR1 [35] and in glia cells involving activation of the metabotropic glutamate receptor 5 

(mGlu5) [36].

GABA-ergic neurons are critical modulators of excitatory neurons in brain and reduced 

GABA-ergic function can have profound detrimental effects. Dis-inhibition involving 

reduced GABA-ergic neurotransmission and reduced levels of parvalbumin, a calcium 

binding albumin protein expressed in fast-spiking GABA-ergic inhibitory inter-neurons 

[37], is reported following in utero irradiation [38–40]. Contextual fear conditioning 

depends on enhanced synapses of hippocampal mossy fibers onto parvalbumin-positive 

neurons, resulting in increased feedforward inhibition connectivity and restriction of the 

number of c-Fos positive post-synaptic neurons at memory retrieval [41] and increases the 

percentage of neurons with higher parvalbumin reactivity [42]. The increase in feedforward 

inhibition connectivity involved a majority of the presynaptic terminals, restricted the 

numbers of c-Fos-expressing postsynaptic neurons at memory retrieval, and correlated 

temporally with the quality of the memory [42]. We hypothesized that alterations in the 

number of c-Fos positive cells and parvalbumin-c-Fos positive cells might be involved in the 

post-training effects of irradiation on contextual fear memory.

In this study, we assessed whether post-training gamma irradiation exposure will affect 

subsequent contextual fear memory. In addition, immunohistochemistry was used to 

determine the brain regions involved in the effects of post-training irradiation and whether 

altered activation of GABA-ergic cells might be involved in these effects.
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2. Material and Methods

2.1 Animals

Five-week-old male C57Bl6/J wild-type mice (n = 52) purchased from the Jackson 

Laboratory (Bar Harbor, ME) were used for this study described below in detail. The mice 

were housed under a constant 12 hr light: 12 hr dark cycle. Food (PicoLab Rodent Diet 20, 

no. 5053; PMI Nutrition International, St. Louis, MO) and water were provided ad libitum. 

All procedures were approved by Institutional Animal Care and Use Committee at the 

Oregon Health & Science University (OHSU, Portland, Oregon).

2.2 Contextual fear conditioning

Sixteen mice were cognitively trained in a contextual fear conditioning paradigm, involving 

a five-shock paradigm, consisting of 2-second 0.35 mA shocks, separated by 2-minute inter-

shock-intervals (ISI), with the first shock at 2 minutes from the beginning of the trial. 

Sixteen mice were cognitively trained in an object recognition test (see below). The total 

length of the training session was 10 minutes. Two hours after training, all mice were 

brought to a room within the animal facility containing an X-ray irradiator (Rad Source 

RS2000 Biological Research Irradiator, Suwanee, GA). Half of the mice (n = 8 mice) were 

placed in a new mouse cage fitting in the irradiator and received whole body irradiation at a 

dose of 1 Gy (dose rate: 1.25 Gy/min). This dose and exposure time could be relevant to 

nuclear accidents, dirty bomb scenarios, and military missions. This is a relative low dose 

and not expected to cause significant cell death but has been shown to induce DNA damage 

that is repaired within 24 hours [43]. The other half of the mice (n = 8 mice) were placed in 

a new mouse cage and received a sham-irradiation procedure by being placed into the new 

cage for the same duration of time. Mice were randomly assigned to experimental group 

(irradiated or sham-irradiated). After fear-conditioning training, and prior to irradiation, 

mice were randomly sorted until all initial values (bodyweight, baseline-freezing, freezing 

levels after acquisition, etc.) were not significantly different between groups. The next day, 

or 24 hours after training, the mice were tested for recall of conditioned fear during a six 

min trial. All freezing data were analyzed using Med Associates software (Georgia and St. 

Albans, Vermont), as previously described [44]. The software analyzes freezing based on a 

proprietary algorithm scoring with freezing defined as no movement except respiration.

2.3 Object exploration test

To compare to the training and testing received for contextual fear conditioning, sixteen 

mice were cognitively trained and tested for novel object recognition test performed as 

described [45] but without habituation of the mice three days prior to the training day. In an 

independent experiment, twenty mice were cognitively trained and tested for novel object 

recognition following habituation of the mice three days prior to the training day. Mice were 

placed in an open field (16 × 16 inches, Kinder Scientific, Poway, CA) containing two 

identical objects and they were allowed to freely explore for 15 minutes. The next day, mice 

were placed again in the open field, but one familiar object was replaced with a novel object. 

Mice were allowed to explore for 15 minutes. Movement and time spent exploring each 

object was recorded and analyzed using Ethovision XT video tracking system (Noldus 
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Information Technology, Sterling, VA). The open field arena and objects were cleaned with 

5% acetic acid between mice and trials.

2.4 C-Fos Immunohistochemistry

Two hours following testing for contextual fear conditioning or novel object recognition, 

thirty-two mice (sixteen mice per cognitive test) were intracardially perfused with 20 ml 

phosphate-buffered saline (PBS) followed by 40 ml 4% paraformaldehyde. Brains were 

removed, stored overnight in 4% paraformaldehyde, and then transferred to 30% sucrose. 

The 2-hour time point was chosen based on previous studies demonstrating extensive 

induction of c-Fos in the mouse brain following an environmental exposure at that time 

point [46, 47]. Fixed brains were sectioned coronally into three-series of free-floating 

sections at 40 μm using a cryostat (Microm HM505E, MICROM international GmbH, 

Walldorf, Germany). One series of sections, containing a 1/3 representation of the brain with 

sections 120 μm apart was processed for immunohistochemical detection of c-Fos. A second 

series of sections was processed for c-Fos and parvalbumin double labeling (see below). For 

c-Fos alone immunohistochemistry, sections were rinsed in phosphate buffered saline 

(PBS), incubated in 1% hydrogen peroxide and 0.3% Triton-X (TX) in PBS (PBS-TX, 

Sigma T-9284)) for 10 minutes, again rinsed in PBS, then incubated in 10% normal goat 

serum (NGS) in PBS-TX for 1 hour. After rinsing in PBS, sections were incubated in 

primary antisera (c-Fos rabbit polyclonal: 1:5,000, Santa Cruz Biotechnology, sc52, 

Billerica, MA, USA) in 4% Normal Goat Serum (NGS) and PBS-TX overnight at room 

temperature. Sections were rinsed in PBS and incubated for 1 hour in biotinylated goat-anti 

rabbit antibody in PBS-TX (1:500, Vector Laboratories, Burlingame, CA) followed by 

rinses in PBS and a 1 hour incubation in avidin-biotin peroxidase complex (ABC Elite kit 

PK-6100 standard, Vector Laboratories). Following rinses in Tris buffered saline (TBS), 

sections were developed for visualization of c-Fos positive cells in a hydrogen peroxide/

diaminobenzidine/TBS solution for 10 minutes, after which sections were rinsed in PBS and 

immediately mounted on slides. The following day, sections were dehydrated in ethanol, 

defatted in xylene, and coverslipped with Permount (Sigma Chemical Co., St. Louis MO, 

USA).

2.5 Colocalization- Dual Label Immunohistochemistry

To determine the co-localization of c-Fos and parvalbumin immunoreactivity in the mouse 

brain, we performed dual label immunohistochemistry. For the hippocampus, we only 

analyzed the dorsal hippocampus. For c-Fos/parvalbumin double-labeling, free-floating 

sections were rinsed with PBS 3 times, then blocked with 4% donkey serum in PBS-TX for 

90 min. Sections were incubated in anti-c-Fos antibodies (1:250, rabbit, Santa Cruz 

Biotechnology, sc52, Billerica, MA) overnight. Sections were subsequently incubated in 

1:200 donkey anti-goat Dylight 594 antibodies (Abcam, Cambridge, MA, USA) for 3 hours 

at room temperature. Sections were then rinsed in PBS 4 times (20 minutes each rinse) after 

which the same protocol was repeated using anti-parvalbumin (1:1500, mouse, Sigma, 

P3088) as primary antibody and 1:200 donkey anti-mouse Alexa 488 (Life Technologies) as 

the secondary antibody. Sections were slide mounted and coverslipped with antifade reagent 

to preserve fluorescent signal (Vectashield with 4′6-diamidoino-2-phenylindole (DAPI), 

Vector), light protected, and stored at 4°C.
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Brain sections incubated without primary antibody were used as negative controls to test for 

c-Fos and parvalbumin immunoreactivity and showed no labeling.

2.6 Microscopy

Quantification of c-Fos positive cells was performed using an Olympus IX81 microscope 

(Olympus, Center Valley, PA, USA) equipped with Slidebook software (Intelligent Imaging 

Innovations, Inc., Denver, CO, USA). Brain regions were identified using the mouse brain 

atlas of Franklin and Paxinos (2007). Bilateral images of the dorsal dentate gyrus (dDG, 

Bregma −0.82 to −0.94), dorsal CA1 (dCA1, Bregma −0.82 to −0.94), dorsal CA3 (dCA3, 

Bregma −0.82 to −0.94), ventral dentate gyrus (vDG, Bregma −2.70 to −2.80), ventral CA1 

(vCA1, Bregma −2.70 to −2.80), ventral CA3 hippocampal (vCA3, Bregma −2.70 to −2.80) 

regions, prelimbic area (PL, Bregma 1.94 to 1.78), infralimbic region (IL, Bregma 1.94 to 

1.78), basolateral amygdala (BLA, Bregma −1.34 to −1.46), central nucleus of the amygdala 

(CEA, Bregma −1.34 to −1.46), suprachiasmatic nucleus (SCN, Bregma −0.82 to −0.94) and 

paraventricular nucleus (PVN, Bregma −0.82 to −0.94) were captured within 2 sections (120 

μm apart) using a 10X objective. c-Fos immunoreactive cells (identified by black nuclear 

label) were quantified bilaterally within fixed area frames; PVN (box, 275 × 450 μm), 

paraventricular thalamus (PVT) (box, 790 × 410 μm each), bed nucleus of the stria 

terminalis (BNST) (box, 335 × 620 μm), central nucleus of the amygdala (CEA) (circle, 575 

μm diameter), cingulate cortex (box, 425 × 400 μm), dentate gyrus (box, 850 × 420 μm), 

CA1 (box, 850 × 420 μm) hippocampal region, and CA3 (box, 850 × 420 μm) hippocampal 

region. Counting was performed using a double blinded non-stereological method as 

previously reported in our laboratory [28].

For colocalization of c-Fos/parvalbumin cells, confocal images were captured bilaterally 

within 3 sections using an Olympus IX81 confocal microscope with a 20X water objective. 

C-Fos/parvalbumin cells were quantified in the dDG, dCA1, dCA3, PL, IL, and BLA. Cells 

were considered colocalized if they expressed both c-Fos and parvalbumin 

immunoreactivity. Within brain regions, c-Fos and parvalbumin immunopositive cells were 

counted, in addition to cells expressing both c-Fos and parvalbumin immunoreactivity. 

These counts were used to determine both the total number and percentage of c-Fos positive 

cells that expressed parvalbumin. For all cell quantifications, cells were counted in both 

hemispheres of a given region in each section and summed. Cell counts for the three 

sections were averaged and are presented as cells per section.

2.7 Statistical Analysis

All statistical analyses were carried out using GraphPad (San Diego, CA) and SPSS 

(Chicago, IL, USA) software. For c-Fos quantification, data is presented as the average 

number of cells expressing c-Fos in each brain region. For dual-labeling quantification, data 

is presented as the percentage of parvalbumin cells expressing c-Fos. A student’s t-test was 

utilized for comparison of positive cells in sham versus irradiation conditions for each brain 

region individually. To analyze the percentage of c-Fos/parvalbumin positive cells, a 

repeated measures analysis was used first, with brain region as the repeated measure. If 

Mauchly’s Test of Sphericity was violated, a Greenhouse-Geisser correction was used.
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3. Results

3.1 Cognitive Testing

Mice received post-training as illustrated in Fig. 1A. Mice that received post-training 

irradiation showed a dramatically increased contextual fear memory, as compared to sham-

irradiated mice (t = 4.911, p < 0.0001, Fig. 1B). In the object recognition test of mice that 

were not habituated to the environment without the objects prior to the training day, there 

was a trend towards an increased exploration of the objects over the 15-min test on the 

testing day in irradiated compared to sham-irradiated mice but that did not reach 

significance (t = 1.734, p = 0.093, Fig. 1C). During the 15-min test, neither group showed 

preferential exploring of the novel object and there was no difference in exploring of the 

novel object between the two groups (data not shown). In the object recognition test of mice 

that were habituated to the environment without the object prior to the training day, there 

was a robust preference of preferential exploring of the novel object on the testing day (Fig. 

1D). However, post-training irradiation did not affect novel object recognition.

3.2 Quantification of c-Fos positive cells

See also Table 1 for a total overview the number of c-Fos positive cells in sham-irradiated 

and irradiated cells mice tested for contextual fear conditioning and object recognition. Fig. 

2 shows representative immunohistochemical images of c-Fos positive cells in sham-

irradiated and irradiated mice tested for contextual fear conditioning. Figs. 3–5 show the 

quantification. There was a significant interaction effect between radiation and test condition 

in the dDG (two-way ANOVA (F(1,27) = 4.290, p = 0.0480). There were significant effects 

of test in the dCA3 (F(1,28) = 10.08, p = 0.0036), dCA1 (F(1,27) = 6.617, p = 0.0159), and 

the vDG (F(1,27) = 4.378, p = 0.0459) as determined by two-way ANOVAs. In the IL of 

mice tested for contextual fear memory, there were less c-Fos positive cells in irradiated 

than sham-irradiated (t = 2.415, p = 0.0300, Fig. 3) mice. There was no significant 

difference in the number of c-Fos positive cells between sham and irradiated mice in any 

other brain region in mice tested for conditioned fear (Figs. 3–5). There were no significant 

differences in the number of c-Fos positive cells between sham and irradiated mice in any 

brain region in mice tested for object recognition (Fig. 3–5).

3.3 Quantification of dual labeled c-Fos and parvalbumin positive cells

Representative image of c-Fos parvalbumin co-labeled cells in sham-irradiated and 

irradiated mice tested for contextual fear conditioning and object recognition are shown in 

Fig. 6. Figs. 7 and 8 show the quantification. A repeated measures analysis, with brain 

region as the repeated measure, was first performed with both test groups. Mauchly’s Test of 

Sphericity indicated that the assumption of sphericity had been violated (χ2(2) = 33.006, p = 

0.003), and therefore a Greenhouse-Geisser correction was used. There was a significant 

interaction between radiation, test condition, and brain region for the percentage of c-Fos/

parvalbumin positive cells (F(1,27) = 3.061, p = 0.024). In mice tested for contextual fear 

memory, there was no significant difference in the percentage of parvalbumin/c-Fos-positive 

cells/section in any brain region but there was a trend towards a lower percentage of 

parvalbumin/c-Fos co-labeled cells in irradiated than sham-irradiated mice (Fig. 7). In 

contrast, in mice tested for object recognition, the percentage of parvalbumin/c-Fos co-
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labeled cells in the CA1 region of the hippocampus was lower in irradiated than sham-

irradiated mice (t = 2.919, p = 0.009, Fig. 8).

4. Discussion

This study shows for the first time a profound increase in contextual fear memory a day 

following post-training whole body irradiation. The increased fear memory is associated 

with less c-Fos positive cells in the IL, suggesting an important role for the IL in radiation-

enhanced contextual fear memory. The specific role for the IL observed in the current study 

is consistent with the prominent role of the IL in the regulation of fear learning and memory 

[48, 49]. Consistent with the post-training radiation enhanced contextual fear memory and 

fewer c-Fos positive cells in the IL in the current study, activation of the IL reduced 

conditioned fear and enhanced extinction learning [50]. In contrast to contextual fear 

memory, post-training whole body irradiation did not affect novel object recognition.

No significant effects of post-training irradiation in mice tested for contextual fear were seen 

in other hippocampal or cortical brain areas we analyzed. However, the effects of irradiation 

might be more wide spread in the brain and not limited to contextual fear memory-relevant 

circuitry under other test and radiation conditions. For example, release rates of GABA from 

pre-optic mediobasal hypothalamic areas of juvenile female rats were lower following brain 

only gamma irradiation (Co(60), 5 Gy) [51]. This radiation-enhanced contextual fear 

memory does not seem limited to gamma irradiation and is not necessarily limited to post-

training irradiation either. In mice trained and tested for contextual fear conditioning three 

months following 28Si irradiation (600 MeV/n, 0.25 Gy), part of the outer-space 

environment, there was enhanced contextual fear memory associated with enhanced synaptic 

plasticity in the CA1 region of the hippocampus [52]. The 28Si data show that these 

radiation effects might be seen for prolonged periods following radiation exposure. 

Consistent with long-term effects, dis-inhibition involving reduced GABA-ergic 

neurotransmission and reduced levels of parvalbumin, a calcium binding albumin protein 

expressed in fast-spiking GABA-ergic inhibitory inter-neurons [37], is seen following in 

utero irradiation [38–40].

The effect of irradiation on c-Fos positive cells was specific for contextual fear memory and 

not seen in animals who received post-training irradiation and were subsequently tested for 

object recognition. Interestingly, 6-hydroxydopamine lesions of either the PL or IL did not 

affect novel object recognition when the time between the training and testing trial was 10 

min, while it did affect recognition of a familiar object placed in a novel location when the 

time between these two trials was 10 min [53]. Aspiration lesion of the medial frontal cortex 

using controlled vacuum did not affect novel object recognition either, when the time 

between the training and testing trial was 5 min [54]. However, in mice tested for object 

recognition, the percentage of parvalbumin/c-Fos co-labeled cells in the CA1 region of the 

hippocampus was lower in irradiated than sham-irradiated mice. This in turn might relate to 

the trend towards increased exploration of the objects in the irradiated mice.

Parvalbumin-positive cells in the CA1 region of the hippocampus might be important for 

novel object recognition. Under conditions of pharmacological blockade of glutamatergic 

Kugelman et al. Page 7

Behav Brain Res. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transmission, activation of muscarinic acetylcholine receptors strongly enhances the 

excitability of parvalbumin-positive cells in the CA1 region of the hippocampus and genetic 

elimination of M1 muscarinic receptors from parvalbumin-positive cells impairs novel 

object recognition [55]. Reduction of the AMPA-medicated current in parvalbumin-positive 

cells also impaired novel object recognition [56]. It is conceivable that the lower percentage 

of parvalbumin/c-Fos co-labeled cells in the CA1 region of the hippocampus of irradiated 

than sham-irradiated mice might relate to the increased time they spent exploring both 

objects on the test day. The experimental study design limited the behavioral testing for the 

object recognition and fear conditioning tests to two days only so that performance and brain 

activation could be more easily compared. Therefore, the mice were not habituated to the 

arena without the objects. Perhaps as a result of the lack of habituation to the area, there was 

no bias towards preferential exploration of the novel object of sham-irradiated mice on the 

test day and potential detrimental effects of post-training irradiation on novel object 

recognition could not be assessed in this experiment. Consistent with this notion, novel 

object recognition was seen in an independent experiment in which mice were habituated to 

the environment without the objects prior to the training day. As post-training irradiation did 

not affect novel object recognition, the effects of post-training irradiation might be specific 

for contextual fear memory.

In sham-irradiated and irradiated mice tested for either cognitive test the number of c-Fos 

positive cells was about twice as high in the dDG than dCA1. In contrast, using a completely 

different behavioral paradigm with pictures involving six days of training with two sessions 

per day, each containing two sets of 30 different pictures, the strongest increase in c-Fos was 

seen in the CA1 and a decrease was seen in the DG [57]. Future efforts are warranted to 

determine and compare the relative regional brain activation following distinct behavioral 

stimuli.

In summary, this study shows that post-training irradiation enhances contextual fear memory 

at a relatively low dose. Within the limitation of the number of brain areas analyzed in this 

study and the relatively similar number of c-fos or parvalbumin/c-fos positive cells in 

various brain regions, the IL might play an important role in these radiation effects. Future 

studies are warranted to determine the dose-response curves for these effects and whether 

they are dependent on the interval between radiation exposure and memory testing. The 

radiation-enhanced fear memory might reflect cognitive injury. Enhanced fear memory by 

itself can be problematic, especially when it is accompanied by impaired extinction of the 

fear memory.
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Highlights

Post-training irradiation enhances contextual fear memory.

This is associated with reduced neuronal activation in the infralimbic cortex.

This involves reduced GABA-ergic neurotransmission in the infralimbic cortex.

Kugelman et al. Page 12

Behav Brain Res. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
1A. Mice received post-training irradiation and were tested for contextual fear memory or 

object recognition the following day. 1B. Mice that received post-training irradiation 

showed increased contextual fear memory. 1C. In the object recognition test of mice not 

habituated to the environment without the objects prior to the training day, there was a trend 

towards an increased exploration of the objects over the 15-min test in irradiated compared 

to sham-irradiated mice (p = 0.093). ****p < 0.0001; n = 8 mice/test/radiation condition. 

1D. Mice habituated to the environment without the objects prior to the testing day showed 

robust preferential exploring of the novel object but there was no effect of post-training 
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irradiation on novel object recognition. *p < 0.05 versus the familiar object. n = 10 mice/

radiation condition.
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Fig. 2. 
Representative images of c-Fos immunoreactive cells in the BLA, CA3, CA1, and IL of 

sham-irradiated and irradiated mice tested for contextual fear memory and object 

recognition.
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Fig. 3. 
Number of c-Fos immunoreactive cells in sham-irradiated and irradiated mice tested for 

contextual fear memory and object recognition in the IL, PL, BLA, and CEA. *p < 0.05; n = 

8 mice/test/radiation condition.
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Fig. 4. 
Number of c-Fos immunoreactive cells in sham-irradiated and irradiated mice tested for 

contextual fear memory and object recognition in the dorsal hippocampus and PVN. n = 8 

mice/test/radiation condition.
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Fig. 5. 
Number of c-Fos immunoreactive cells in sham-irradiated and irradiated mice tested for 

contextual fear memory and object recognition in the ventral hippocampus and SCN. n = 8 

mice/test/radiation condition.
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Fig. 6. 
Representative images of c-Fos and parvalbumin immunoreactive cells in the IL of sham-

irradiated and irradiated mice tested for contextual fear memory (A) and object recognition 

(B).
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Fig. 7. 
Number of c-Fos and parvalbumin immunoreactive cells in IL, PL, and BLA of mice tested 

for contextual fear memory and object recognition. There was a trend towards a lower 

percentage of parvalbumin/c-Fos co-labeled cells in the IL of irradiated than sham-irradiated 

mice (#p = 0.098). n = 8 mice/test/radiation condition.
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Fig. 8. 
Number of c-Fos and parvalbumin immunoreactive cells in DG, CA3, and CA1 regions of 

mice tested for contextual fear memory and object recognition. *p = 0.0009; n = 8 mice/test/

radiation condition.
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Table 1

Number of c-Fos immunoreactive cells in mice of mice tested for object recognition and contextual fear 

memory.

Object Recognition Contextual Fear Memory

0 Gy Mean ± SEM 1 Gy Mean ± SEM 0 Gy Mean ± SEM 1 Gy Mean ± SEM

dDG 93.58 ± 5.010 103.6 ± 5.605 68.06 ± 3.807 58.47 ± 4.796

dCA1 46.92 ± 3.750 43.96 ± 7.672 32.97 ± 3.584 33.38 ± 3.696

dCA3 64.78 ± 7.218 64.57 ± 7.460 37.56 ± 3.165 50.59 ± 7.110

vDG 61.63 ± 2.422 68.50 ± 4.131 62.09 ± 4.350 51.94 ± 4.909

vCA1 57.09 ± 5.197 57.75 ± 4.803 54.22 ± 3.955 48.27 ± 4.373

vCA3 38.20 ± 3.000 44.77 ± 5.991 35.84 ± 3.044 41.03 ± 4.759

IL 196.3 ± 12.64 181.8 ± 20.59 178.7 ± 11.11 146.2 ± 7.580

PL 258.9 ± 25.12 269.3 ± 43.81 252.6 ± 27.96 219.2 ± 19.69

BLA 50.57 ± 4.508 55.46 ± 5.815 47.96 ± 3.910 43.58 ± 4.021

CEA 47.77 ± 5.479 46.91 ± 2.618 55.64 ± 3.607 50.75 ± 2.808

SCN 428.9 ± 29.89 411.9 ± 21.55 445.4 ± 24.42 409.4 ± 38.67

PVN 255.3 ± 18.24 265.1 ± 14.54 309.3 ± 23.16 271.4 ± 22.57
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