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Abstract 

Astronauts conducting long-term space 

missions will be exposed to spaceflight 

stressors including social isolation (SI) and 

space radiation (SR). Both SI and SR 

exacerbate the body’s stress response, which is 

controlled (in part) by the hippocampus (HPC). 

SI- and SR-induced stress can induce 

morphological alterations (i.e., astrocyte 

morphology) in the neuroinflammatory system 

of the HPC. Some of these morphological 

changes may be due to differences in CCL2 

expression, a chemokine known to influence 

astrocyte morphology and blood-brain barrier 

permeability. However, it is unclear if 

spaceflight stressors alter CCL2 expression in 

the HPC. Therefore, this study utilized qPCR to 

assess CCL2 expression in female Wistar rats 

exposed to ground-based analogs of SI and SR. 

CCL2 expression was normalized to a 

housekeeping gene (GAPDH) and analyzed 

using one-way analysis of variance (ANOVA) 

with Treatment as a between factor. ANOVA 

revealed that SI animals had significantly more 

CCL2 expression compared to SHAM 

(control), suggesting that SI may produce a 

priming effect on the neuroimmune system. 

Future research should investigate additional 

neuroinflammatory genes across multiple 

regions of the brain, to better understand the 

mechanisms through which spaceflight 

stressors induce morphological changes in the 

brain. 

Introduction 

The proposed Mars missions will expose 

astronauts to several hazards associated with 

spaceflight. One of these, social isolation (SI), 

can induce both physical (e.g., decreased 

sensorimotor function, impaired immune 

response)1-4 and psychological deficits (e.g., 

emotional bluntness, depression)5-7 that could 

impact mission performance and team 

dynamics. In addition to SI, astronauts will be 

exposed to larger dosages of space radiation 

(SR) than ever before. SR exposure can 

influence several components of bodily 

function, including thermoregulation, 

sensorimotor function and executive function8-

11. In addition, SI and SR have the potential to 

influence health for years following exposure. 

SI can result in a higher likelihood of high 

blood pressure, cardiovascular disease and type 

II diabetes12-15 and SR exposure can increase 

the future risk of cancer and neurodegenerative 

diseases1,10,16-22.  

Both SI and SR have both been shown to 

exacerbate the body’s stress response (e.g., 

endocrine function)23-25, which can lead to 

neuroinflammation if not properly 

regulated1,26,27. The hippocampus (HPC) is a 

brain region implicated in a stress-regulatory 

neurocircuit and is also critical for several 

components of mission performance (e.g., 

memory, motor function, emotional 

regulation)28,29. While the HPC can regulate 

stress, it is also vulnerable to stress. Chronic 

stress has been shown to decrease hippocampal 
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connections to other regions in the stress-

regulatory neurocircuit28. Additionally, stress-

induced neuroinflammation can inhibit 

hippocampal neurogenesis, which can lead to 

psychiatric disorders such as major depressive 

disorder30. Therefore, it is critical to understand 

how SI- and SR-induced alterations in the 

stress response and subsequent 

neuroinflammation impact the HPC. 

Neuroinflammation results in increased blood-

brain barrier (BBB) permeability and 

inflammatory gene modulation to allow for the 

infiltration of peripheral immune cells1,26,27. 

BBB permeability is partially controlled 

through CCL2, a chemokine which alters the 

actin cytoskeleton of astrocytes. Astrocytes are 

the primary neuroimmune cells that produce 

CCL2. By altering actin cytoskeletons, CCL2 

alters an astrocyte’s ability to maintain 

endothelial tight junctions31. Dysregulation of 

CCL2 is seen in several diseases (e.g., multiple 

sclerosis, stroke) and can exacerbate pre-

existing neurodegenerative diseases31,32. 

Previous work in our lab has shown that 

astrocytes in the HPC can have an altered 

morphology or be mostly ablated in response to 

SI and SR, respectively1. However, it is unclear 

whether these morphological changes in 

astrocytes are due to changes in gene 

expression in response to spaceflight stressors. 

CCL2 may be upregulated when exposed to SI 

or SR, which would alter the actin cytoskeleton 

of astrocytes. This would not only lead to 

altered astrocyte morphology but help also 

explain why BBB permeability changes in 

response to spaceflight stressors. Therefore, 

this study utilized quantitative reverse 

transcription polymerase chain reaction (RT-

qPCR) to investigate alterations in CCL2 

expression in the HPC. 

Methods 

Subjects 

Female outbred, retired breeder Wistar rats (8-

9 months old upon arrival) from Hilltop Lab 

Animals, Inc. (Scottdale, PA, USA) served as 

subjects (n = 2-3 per group). Animals were 

either individually housed (IH) as a control 

group (SHAM) or IH with opaque barriers 

between cages (SI) to prevent visual contact. 

(SI housing was time-matched with the SR 

group to begin 35 days post-SR and continued 

until the end of study.) Rats assigned to the SR 

treatment group were sent to the NASA Space 

Radiation Laboratory (NSRL) in Brookhaven 

National Laboratory (BNL; Long Island, NY, 

USA) to receive a one-time dose of SR (15cGy 

simplified 5-ion galactic cosmic radiation 

(GCRsim)) and were IH. 

Animals were housed on a 12:12 light:dark 

cycle and kept at an ambient temperature of 

24.5°C ± 0.5°C. Food and water were available 

ad libitum and Nylabone® chew toys were 

provided as enrichment. All experimental 

procedures were conducted in accordance with 

the National Institute of Health Guide for the 

Care and Use of Experimental Animals and 

were approved by Eastern Virginia Medical 

School’s Institutional Animal Care and Use 

Committee (Protocols: 19-018, 22-009, 24-

009). 

Tissue Collection 

All rat euthanization and tissue collection was 

conducted according to previous methods1. In 

brief, rats were sedated via isoflurane (inhalant: 

5%, <5 min) and euthanized via cardiac 

perfusion with 1x phosphate-buffered saline 

(PBS). Following euthanization, brains were 

extracted and sliced along midline. The left 

hemisphere was not used for this study. The 

HPC of the right hemisphere was 

microdissected and stored at -80°C in 

RNAlater until it was processed. 
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RNA Isolation 

HPC samples stored in RNAlater were thawed, 

homogenized and processed via Quick-RNA 

Miniprep Plus Kit according to the included 

protocol (Zymo Research, Cat.#R1057T). The 

purity of the isolated RNA samples were 

assessed using the NanoDrop™ One/OneC 

Microvolume UV-Vis Spectrophotometer 

(Thermo Scientific™, Cat.#ND-ONE-W). 

Samples with high concentration (>50ng/μL) 

and good purity (260/280 > 1.8) were used to 

synthesize cDNA. 

cDNA Synthesis 

Selected RNA samples were diluted to 50ng/μL 

using nuclease-free water (based on their initial 

concentrations) and processed using the iScript 

cDNA Synthesis kit (BioRad, Cat.#1708890) 

as follows. 20μL reactions were created by 

combining 4μL of 5x iScript Reaction Mix, 

1μL of iScript Reverse Transcriptase, 5μL of 

nuclease-free water and 10μL of 50ng/μL RNA 

sample. Reactions were then processed using a 

C1000 Touch™ Thermal Cycler (BioRad, 

Cat.#1851196) according to the following 

protocol included in the kit: Priming (5 min. at 

25°C), Reverse Transcription (20 min. at 46°C) 

and RT inactivation (1 min. at 95°C). Samples 

were then collected, allowed time to cool, and 

stored at -20°C. 

qPCR 

Synthesized cDNA samples were thawed and 

diluted to a 1:25 mixture with nuclease-free 

water and prepared for PCR as follows. Each 

20μL reaction was run in duplicate on a 96-well 

plate. Each well contained 2μL of the 1:25 

cDNA sample, 10μL of 2x Universal SYBR 

Green Fast qPCR Mix (ABclonal, 

Cat.#RK21203), 7.2μL of nuclease-free water, 

and 0.8μL of a PCR primer. The primer added 

was either PrimePCR™ SYBR® Green Assay: 

GAPDH, Rat #10025636 (BioRad, 

Cat.#qRnoCID0057018) as a housekeeping 

gene or PrimePCR™ SYBR® Green Assay: 

CCL2, Rat #10025636 (BioRad, 

Cat.#qRnoCED0009272) to assess CCL2 

expression in the HPC. The 96-well plate 

containing the 20μL reaction mixes was loaded 

onto the CFX Duet Real-Time PCR System 

(BioRad, Cat.#12016265) and run according to 

the following protocol: Pre-denaturation (3 

min. at 95°C), Cycling (5s at 95°C followed by 

30s at 60°C, 40 cycles with a collection step 

after each cycle) and Melting Curve 

(instrument default). 

Calculations 

PCR quantification cycles (Cq) are values that 

indicate how many DNA amplification cycles 

were necessary for a sample to cross a pre-set 

fluorescence threshold. Therefore, a low Cq 

value indicates that the gene of interest was 

abundant in the sample, as it required fewer 

amplification cycles to pass threshold. The Cq 

values of each well containing sample on the 

96-well plate were obtained from the CFX 

Duet Real-Time PCR System and averaged 

between duplicates. To assess differences in 

CCL2 expression, CqCCL2 values were 

normalized to the housekeeping gene 

(GAPDH) using the ΔCq equation below. 

𝛥𝐶𝑞 = 𝐶𝑞𝐶𝐶𝐿2 − 𝐶𝑞𝐺𝐴𝑃𝐷𝐻 (1) 

The ΔCq values from the SHAM group were 

averaged to make the Control Average (CA). 

Fold change for each ΔCq was then calculated 

using the equation below. 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2−(Δ𝐶𝑞−𝐶𝐴) (2) 

Statistical Analyses 

Calculated ΔCq and fold change were analyzed 

using one-way analysis of variance (ANOVA) 

with Treatment (SHAM, SI, SR) as a between 

factor. Holm-Sidak post-hoc were performed 

when indicated by significant ANOVA. 
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Results 

ANOVA on ΔCq values revealed a significant 

Treatment effect (F(2,5)=6.465, p<0.05). 

Pairwise comparisons revealed that SI had 

significantly lower ΔCq compared to SHAM 

(Fig. 1. p<0.05). There were no significant 

differences in ΔCq between SR and other 

treatment groups. 

ANOVA on fold change revealed no significant 

Treatment effect. While there was a trend of SI 

having higher fold change compared to SHAM 

(p=0.104, Fig. 2), there were no significant 

differences between Treatment groups. 

Discussion 

These qPCR results show that CCL2 

expression is significantly increased in SI 

animals (indicated by decreased ΔCq) 

compared to SHAM. This suggests that SI 

alters the neuroinflammatory environment of 

the HPC via alterations in CCL2 expression. 

These findings compliment previous work 

from our lab showing that SI can induce 

morphological changes in astrocytes, while SR 

exposure results in astrocyte ablation and a loss 

of BBB integrity1. One potential explanation 

for these findings is that SI and SR exposure 

have different effects on the neuroimmune 

system. SI may be priming the neuroimmune 

response through the activation of astrocytes 

which increases the production of CCL2. 

Increased CCL2 expression can alter astrocyte 

morphology33, which could then then regulate 

the flow of peripheral immune cells through the 

BBB. While SI primes the neuroimmune 

response, SR animals may experience a 

decrease in their neuroimmune response. 

Animals exposed to SR experience a 

widespread ablation of their astrocytes1. This 

limits the brain’s ability to produce CCL2, 

which may explain why animals exposed to SR 

experience significant damage to BBB 

integrity: their immune systems are not primed 

to repair the damage caused by SR. 

It is important to note that there was a 

significant difference in ΔCq, but not fold 

change, between SHAM and SI groups. While 

both values indicate differences in gene 

expression, ΔCq shows the difference in 

quantification cycles (and thus initial CCL2 

concentration) between SHAM and SI, while 

fold change is an exponential transformation of 

ΔCq. This transformation has the potential to 

increase variance, which may explain why 

there is no significant difference seen in fold 

change. Both ΔCq and fold change are 

Figure 1. Differences in ΔCq between 

SHAM, SI and SR. SI had significantly lower 

ΔCq compared to SHAM (p<0.05) 

Figure 2. Fold change in CCL2 expression 

between female SHAM, SI and SR. There 

were no significant differences between 

treatment groups. 
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commonly reported in qPCR analyses, as both 

are calculations made from initial Cq values; 

however, previous research has shown that 

several factors beyond target gene 

concentration can influence Cq34. Therefore, 

these results should be interpreted cautiously. 

Another notable limitation of this study is the 

low sample size (n=2-3). Prior to statistical 

analyses, one SR sample was excluded due to 

having a high Cq value indicative of 

contamination (Cq>35). This is common 

practice in qPCR studies35, as having a Cq>35 

can make quantification more difficult34. The 

removal of this SR sample may have prevented 

us from seeing differences in CCL2 expression 

in SR animals. Future research should utilize 

more biological samples (i.e., extracted HPC 

from more animals) and perform PCR with 

more technical replicates (i.e., triplicates) to 

improve quantitation34. 

In summary, these data show that SI can 

significantly alter the neuroinflammatory 

response via increases in CCL2 expression. 

This upregulation manifests as morphological 

changes, specifically, alterations in astrocyte 

morphology, which have the potential to prime 

the neuroimmune system, but can lead to 

chronic neuroinflammation if not properly 

regulated. Future research could investigate the 

potential synergistic effects of SI and SR on 

CCL2 production, as previous research has 

shown that these spaceflight hazards together 

can influence several components of 

neuroinflammation1. Additionally, it is still 

unclear if the SI-induced priming of the 

neuroimmune system is consistent or increases 

over time. If neuroimmune priming does occur 

throughout the duration of SI exposure, 

potential ways to mitigate chronic 

neuroinflammation caused by increased CCL2 

expression should be evaluated. 
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