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Abstract: The proposed Mars missions will expose astronauts to long durations of social isolation
(SI) and space radiation (SR). These stressors have been shown to alter the brain’s macrostructure
and microenvironment, including the blood–brain barrier (BBB). Breakdown of the BBB is linked
to impaired executive functions and physical deficits, including sensorimotor and neurocognitive
impairments. However, the precise mechanisms mediating these effects remain unknown. Addi-
tionally, the synergistic effects of combined exposure to SI and SR on the structural integrity of the
BBB and brain remain unknown. We assessed the BBB integrity and morphology in the brains of
male rats exposed to ground-based analogs of SI and SR. The rats exposed to SR had enlarged lateral
ventricles and increased BBB damage associated with a loss of astrocytes and an increased number
of leaky vessels. Many deficits observed in SR-treated animals were attenuated by dual exposure
to SI (DFS). SI alone did not show BBB damage but did show differences in astrocyte morphology
compared to the Controls. Thus, determining how single and combined inflight stressors modulate
CNS structural integrity is crucial to fully understand the multiple pathways that could impact
astronaut performance and health, including the alterations to the CNS structures and cell viability
observed in this study.

Keywords: social isolation; space radiation; blood–brain barrier; lateral ventricle

1. Introduction

The future of space exploration and planned NASA operations, such as the proposed
Mars missions, will require crew members to log longer mission times and travel deeper
into space than ever before. As such, crews will also experience increased exposure to
multiple inflight stressors, including social isolation (SI) and space radiation (SR). Moreover,
these missions will likely offer new challenges and obstacles that NASA and crews have
not yet encountered [1].

SI and SR have been reported to alter immune system functionality. SI alone induces
neuroinflammation and microglial overactivation [2]. SI can increase redox stress and levels
of pro-inflammatory cytokines (e.g., TNF-α) [3]. Exposure to SR can induce neuroinflamma-
tion by elevating microglial activation [4]. Increases in neuroinflammation related to SI and
SR can induce changes to the brain’s macrostructure and microenvironment [5–7]. Signifi-
cant alterations to CNS structural integrity have been associated with exposure to either SI
and SR, including changes in tissue microenvironments [8] and regional morphology [9,10].

Individually, SI [11] and SR [8,12] have been reported to disrupt the blood–brain barrier
(BBB). The BBB is an assembly of endothelial cells, blood vessels, astrocytes, and pericytes,
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which provides a semi-permeable border to regulate the movement of particles and cells
into the CNS [13], thereby maintaining CNS homeostasis [14]. In contrast, the breakdown
of the BBB leads to cognitive dysfunction and increases in neuroinflammation [15] and is
associated with multiple neuropsychiatric disorders [16]. However, the precise mechanisms
mediating these effects remain unknown. Therefore, alterations to immune functionality
by exposure to SI and SR could reduce an astronaut’s ability to maintain adequate levels of
performance during missions that could not only affect crew health but mission success
through several pathways.

Ultimately, SI and SR-induced immune system changes will likely result in significant
alterations to the brain’s structural integrity, which could lead to increases in anxiety,
issues with memory processing, and impairments of cognitive and executive functions.
However, the potential for SI and SR interactions to change immune system responses
remains unknown. Given the dynamic environment of space missions, multiple stressors
could have synergistic effects that interact in unknown ways that may result in differential
outcomes. Thus, determining how single and compound inflight stressors interact to
modulate the immune system and its relationship to structural alterations in the brain is
crucial to fully understand the pathways impacting astronaut performance and health. In
this experimental study, we investigated how SI and SR, and their combination, modified
immune system function and its relevance to BBB integrity and brain homeostasis. Our
goal was to assess how spaceflight stressors impact the BBB in ways that could alter brain
function in astronauts.

2. Materials and Methods
2.1. Subjects

Male, outbred, Wistar strain rats (8–9 months old at the time of study, n = 4–5 per
group) obtained from Hilltop Lab Animals, Inc. (Scottdale, PA, USA) were used in this
study [17]. The rats were either subjected to SI (visual barriers between cages) or indi-
vidually housed (as a Control group). SI began at least eight weeks prior to experimen-
tation and was maintained throughout the study as previously described [17]. Separate
groups of rats received a single dose of SR (15 cGy simplified 5-ion galactic cosmic ra-
diation (GCRsim), Brookhaven National Laboratory (BNL); Long Island, NY) and were
either individually housed or subjected to SI (dual flight stressors (DFS)). Other than irradia-
tion, all the experimental manipulations and measures were conducted at Eastern Virginia
Medical School in 2021–2022. Food and water were available ad libitum. The housing
rooms were kept on a 12:12 light:dark cycle and the ambient temperature was maintained at
24.5 ± 0.5 ◦C. All the procedures were conducted in accordance with the National Institutes 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 (Protocol#: 19-018).

2.2. Euthanasia

The rats were euthanized via isoflurane sedation (inhalant: 5%, ≤5 min duration)
and cardiac perfusion with 1X PBS. Their brains were extracted and halved along the
longitudinal fissure. The right hemisphere was used for analyses not discussed in this
study. The left hemisphere was prepared as described in detail below.

2.3. Histology

The left hemisphere of the brain was fixed in 10% formalin solution at 4 ◦C for
24 h and then processed and paraffin-embedded for the subsequent histological analysis
(n = 4–5 in each group). Five µm sagittal tissue sections through the limbic system were
obtained via microtomy and mounted on glass slides (two sections per slide) for confocal
or light microscopy.
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2.4. Confocal Microscopy

Quadruple-label immunofluorescence staining was used to visually assess the poten-
tial effects of SI and SR on BBB integrity. The slides were first run through a deparaffiniza-
tion/hydration sequence as follows: xylene 2 × 5 min each, 100% EtOH 2 × 2 min each,
95% EtOH 2 × 1 min each, 70% EtOH 2 × 1 min each, and dH2O 2 × 1 min each. The slides
were then quenched twice to reduce the fixative-induced auto-fluorescence by eliminating
the free aldehyde groups using a 1% solution of NaBH4 in 70% EtOH for 30 min at room
temperature (RT) followed by a solution containing 0.375% glycine and 0.267% NH4Cl
in dH2O for 10 min. Next, the tissue sections were soaked in the UltraCruz® blocking
reagent for 30 min to eliminate potential background staining due to non-specific antibody
binding. In between each solution, the tissue sections were quickly rinsed 3× each in 1X
PBS. The tissue sections were then stained at RT for 1 h each with the following optimized
concentrated antibodies: Fibrinogen (Diluted 1:600 in PBS. Biorbyt; Cat. #orb4255), Glut-1
(Diluted 1:200 in PBS. abcam; Cat. #ab195020), and GFAP (Diluted 1:400 in PBS. Novus
Biologicals; Cat. #NBP2-34401AF488). In between each antibody incubation, the tissue
sections were quickly rinsed 3× each in 1X PBS followed by a 5 min incubation in the
glycine-containing quenching solution above. Following the final incubation, the tissue
sections were covered in a Fluoroshield™ mounting medium containing DAPI (Abcam;
Cat. #ab104139) and incubated for 5 min at RT and then cover-slipped and stored at 4 ◦C
until imaged via confocal microscopy.

Stained tissue sections were imaged using a Zeiss Axio Observer Z.1 confocal micro-
scope and ZEN Black acquisition software (version 2.1 SP3, Carl Zeiss, Inc.; Dublin, CA, USA)
at 40× magnification. Eight 1024 × 1024 images including the basolateral amygdala, cau-
date putamen, hippocampus, and medial prefrontal cortex per treatment group were
obtained. The acquired images were then uploaded to the ZEN Blue analysis software
(version 3.7, Carl Zeiss, Inc.; Dublin, CA, USA) and the following parameters were assessed:
total number of vessels, total number of astrocytes, total amount of fibrinogen extravasa-
tion, vesicular diameter, and astrocyte morphology (number of projections, distance of
projections, and number of branches from projections).

The total number of vessels and astrocytes within each image were calculated using
the cell counting tool within ImageJ (Version 2.14.0/1.54f) by manually “marking” each
cell with the counter function. The counts were automatically tallied through ImageJ. The
vesicular diameter was automatically calculated using the ImageJ measuring where a line
was drawn across the width of the vessel. The number of astrocyte projections and branches
within each image were calculated using the cell counting tool within ImageJ by manually
“marking” each projection or branch with the counter function. Astrocyte projections were
considered to be any protrusion that was directly connected to the cell body. Astrocyte
branches were considered to be any outgrowth from a projection. The distance of each
astrocyte projection was automatically calculated using the measuring tool within ImageJ,
which was used to draw a line from the base of the astrocyte cell body to the furthest point
of the projection.

2.5. Light Microscopy

H&E staining was used to assess the morphological changes in the brain. Following
a deparaffinization/hydration sequence consisting of 60 dips in xylene, 20 dips in 100%
EtOH, 10 dips 100% EtOH, 10 dips in 95% EtOH, 10 dips in 70% EtOH, and 10 dips in dH2O,
the slides were submerged for 2 min in filtered modified Harris hematoxylin. The slides
were then briefly rinsed with tap water and dipped 10× each in bluing reagent followed by
dH2O. The slides were again briefly rinsed with tap water and then dipped 20× in eosin.
Following a final dehydration sequence consisting of 10 dips in 95% EtOH, 20 dips in 100%
EtOH, and 30 dips in xylene, the slides were cover-slipped.

The H&E-stained sagittal tissue sections (Lateral 1.4 mm, Bregma −0.45 mm) were
imaged on a Nikon Eclipse E800 using the RT Slider SPOT Camera and SPOT acquisi-
tion software (version 3.1, Spot Imaging; Sterling Heights, MI, USA) light microscope at
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2× magnification. Six 120 × 120 images per treatment group of the LV were obtained. All
the images were then uploaded to ImageJ (Version 2.14.0/1.54f) software for analysis of the
following parameters: LV total area, perimeter, width, and height, as well as number of
endothelial cells.

The total area and perimeter of the LV for each image were automatically calculated
using the ImageJ “freehand” selection tool to draw the area around the LV. The measuring
tool was then used to draw a line within the area of the LV to automatically calculate the
width and height for each image. The number of endothelial cells within the LV for each
image were calculated using the cell counting tool within ImageJ by manually “marking”
each cell with the counter function. The counts were automatically tallied through ImageJ.

2.6. Statistical Analyses

The data were analyzed with a one-way ANOVA with the treatment (Control, SI, SR,
and DFS) as between factors. Tukey’s post hoc multiple comparisons test was performed
when indicated by a significant ANOVA. All the ANOVAs were generated using GraphPad
PRISM software (Version 9.4.1).

3. Results
3.1. Blood–Brain Barrier (BBB) Integrity

Figure 1 provides representative images for each treatment group stained to examine
the potential damage to the BBB. The rats exposed to SR (15cGy) had a reduction in
astrocytes compared to the Control group (indicated by low GFAP staining (in green)).
Astrocyte loss was also associated with increased fibrinogen extravasation (indicated in
yellow) outside of the vasculature into the brain parenchyma. Interestingly, there was
a rescue of astrocytes in the DFS animals, but this was still associated with increased
fibrinogen extravasation. There was no apparent astrocyte loss or increase in fibrinogen
extravasation in the SI group compared to the Controls. The Control animals did not
exhibit any evident insults to the BBB. The quantification of these observations revealed
no difference in the total vessel abundance (p = 0.41) (Figure 2A) or number of astrocytes
(p = 0.201) (Figure 2B). However, the ANOVA revealed significant differences of treatment
in the percent of leaky vessels (indicated by positive fibrinogen staining (in yellow) outside
of the vessel) (F3,28 = 29.49; p < 0.0001). Tukey’s post hoc test revealed that the SR and DFS
groups had an increased percentage of leaky vessels compared to the Control and SI groups
(p < 0.0001 and p < 0.001, respectively) (Figure 2C). The percentage of leaky vessels was
also positively correlated with increased fibrinogen extravasation. The ANOVA revealed
significant differences for the treatment group in the total amount of fibrinogen leaking
from the vessels (F3,28 = 15.17; p < 0.0001). Tukey’s post hoc tests revealed that the SR and
DFS groups had increased fibrinogen extravasation compared to the Control and SI groups
(p < 0.0001 and p < 0.001, respectively) (Figure 2D). Additional images showing separated
color channels can be viewed in Supplementary Figure S1.

3.2. Astrocyte Morphology

Further investigation into the astrocytes between the groups also revealed morpho-
logical differences. The Control animals appeared to have a protoplasmic-like morphol-
ogy with long, multi-branched radial projections [18,19]. The SI and DFS animals had a
more fibrous morphology with an enlarged cell body and unilateral projections that were
shorter, thinner, and less branched that showed increased GFAP staining intensity [18,19].
The astrocytes in the animals exposed to SR alone exhibited increased damage, including
a dramatic loss of projections, or death (Figure 3). The quantification of these results via
ANOVA revealed significant differences in the treatment group (F3,78 = 27.65; p < 0.0001).
Tukey’s post hoc comparisons revealed astrocytes in the SR (p < 0.0001 compared to Control
and SI) and DFS (p = 0.01 compared to Control and p < 0.001 compared to SI) groups had
fewer projections (Figure 4A).
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Figure 1. SR-induced BBB damage and astrocyte death was ameliorated by SI. Images of repre-
sentative tissue slices within the limbic area of the brain showing quadruple-label immunofluores-
cence stained with GFAP (green), fibrinogen (yellow), Glut-1 (red), and DAPI (blue) displaying differ-
ences in vascular permeability in each treatment group. All images are at 40× magnification. Scale bar = 
80 µm. 

 
Figure 2. Irradiated animals had increased leaky vessels and fibrinogen extravasation in the 
brain. Graphs plotting the relative (A) vessel abundance (counts) ± SEM, (B) astrocyte abundance ± 
SEM, (C) % leaky vessels ± SEM, and (D) fibrinogen extravasation ± SEM based on quantified 

Figure 1. SR-induced BBB damage and astrocyte death was ameliorated by SI. Images of rep-
resentative tissue slices within the limbic area of the brain showing quadruple-label immunofluo-
rescence stained with GFAP (green), fibrinogen (yellow), Glut-1 (red), and DAPI (blue) displaying
differences in vascular permeability in each treatment group. All images are at 40× magnification.
Scale bar = 80 µm.
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Figure 2. Irradiated animals had increased leaky vessels and fibrinogen extravasation in the
brain. Graphs plotting the relative (A) vessel abundance (counts) ± SEM, (B) astrocyte abundance
± SEM, (C) % leaky vessels ± SEM, and (D) fibrinogen extravasation ± SEM based on quantified
immunofluorescence staining amounts in the brain in each treatment group. Significant differences
compared to Control: ++++ p < 0.0001. Significant differences compared to SI: ˆˆˆ p < 0.001.
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Figure 4. The average number of projections and branches from astrocytes differed between SI 
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soma ± SEM, (B) average distance from the soma of each projection ± SEM, and (C) relative number 
(counts) of branches off each projection ± SEM based on the quantified immunofluorescence staining 
amounts in each treatment group. Significant differences compared to Control: + p < 0.05, +++ p < 

Figure 3. SI and SR differentially altered astrocyte morphology. Immunofluorescent images of
individual astrocytes stained with GFAP (green) displaying differences in astrocyte morphology in
each treatment group. Additional background staining includes fibrinogen (yellow), Glut-1 (red),
and DAPI (blue). All images were acquired at 40× magnification and zoomed to focus on a single
astrocyte. Scale bar = 5 µm.
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Figure 4. The average number of projections and branches from astrocytes differed between
SI and SR exposure. Graphs plotting the (A) relative number (counts) of projections from an
astrocyte soma ± SEM, (B) average distance from the soma of each projection ± SEM, and (C) relative
number (counts) of branches off each projection ± SEM based on the quantified immunofluorescence
staining amounts in each treatment group. Significant differences compared to Control: + p < 0.05,
+++ p < 0.001. Significant differences compared to SI: ˆ p < 0.05, ˆˆˆ p < 0.001. Significant differences
compared to DFS: ** p < 0.01.

The analyses of the projection length via the ANOVA revealed significant differences
for the treatment group (F3,95 = 19.88; p < 0.0001). Tukey’s post hoc tests revealed that the SI
(p = 0.02), SR (p < 0.0001), and DFS (p < 0.001) groups had significantly shorter projections
than the Control animals and fewer branches compared to the Control (p < 0.001) and SI
(p < 0.001) groups, while the SR animals also had significantly shorter projections compared
to the SI (p < 0.0001) and DFS (p = 0.001) groups (Figure 4B). Furthermore, the ANOVA
analyses of the astrocyte branching revealed significant differences for the treatment group
(F3,78 = 22.56; p < 0.0001). Tukey’s post hoc tests revealed that compared to the Control and
SI groups, the SR (p < 0.0001) and DFS (p = 0.01) groups had significantly fewer branches
(Figure 4C). A summary of these results is provided in Supplementary Table S1.
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3.3. Brain Morphology

When investigating the morphological differences between the treatment groups, we
found that the SR animals had a 1.5- to 5.6-fold enlargement of the lateral ventricle (LV)
compared to any other group (Figure 5). Interestingly, we found that these deficits were
ameliorated when SR was combined with SI (DFS), similar to the findings for astrocytes
discussed above. The quantification of these results analyzed by ANOVA did not reveal
significant differences in the total area of the LV for any group (F3,12 = 1.718; p = 0.2164)
(Figure 6A). However, further investigation into the directionality of the LV enlargement
revealed significant differences in the treatment group (F3,12 = 8.116; p < 0.01). Tukey’s
post hoc tests that revealed significant differences in the LV size between the SR group
compared to the other groups was in the medio-lateral direction (p < 0.05 compared to
Control and p < 0.01 compared to SI, respectively) but not in the dorso-ventral direction
(p = 0.53) (Figures 6B and 6C, respectively).
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Figure 5. SR exposure resulted in an enlarged lateral ventricle (LV), which was ameliorated by
a combined exposure to SI. Light microscopy images of sagittal brain sections (Lateral 1.4 mm,
Bregma −0.45 mm) stained with H&E displaying morphological differences in LV area in each
treatment group. Arrowheads point to endothelial cells within LV. CPu—caudate putamen. All
images are at 2× magnification. Scale bar = 1 mm.

We also found that the SR animals had a 2.4- to 4.4-fold reduction in endothelial cells
lining the LV compared to any other group. These deficits were also ameliorated when
SR was combined with SI (DFS), similar to the findings for the astrocytes discussed above.
The ANOVA analyses of the quantification of the number of endothelial cells within the LV
revealed significant differences for the treatment group (F3,12 = 17.15; p = 0.0001). Tukey’s
post hoc tests revealed that the SR animals had significantly fewer endothelial cells in
the LV compared to the Control (p < 0.0001) and SI (p < 0.01) animals. The DFS animals
also had significantly fewer endothelial cells in the LV compared to the Control animals
(p < 0.01) (Figure 6D).
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Figure 6. SR animals had an increased lateral ventricle (LV) size that was rescued by DFS. Graphs
plotting the (A) average total area of LV ± SEM, (B) average height of LV ± SEM, (C) average width
of LV ± SEM, and (D) average number of endothelial cells within LV ± SEM based on quantified
H&E staining amounts in the brain for each treatment group. Significant differences compared to
Control: + p < 0.05, ++ p<0.01, and +++ p < 0.001. Area measures are indicated in Pixels. Significant
differences compared to SI: ˆˆ p < 0.01.

4. Discussion

The present study provides comparative data for the effects of SI, SR, and DFS relative
to the Control on measures of BBB integrity and on astrocyte and gross brain morphology
in rats. The Control and SI rats did not differ in astrocyte numbers or show differences
in fibrinogen extravasation or in gross brain morphology but did differ in astrocyte mor-
phology. The astrocytes in the Control animals had protoplasmic-like morphology with
long, multi-branched radial projections [18,19], whereas the astrocytes in both the SI and
DFS (which also experienced SI) animals had a fibrous morphology with an enlarged cell
body and unilateral projections that were shorter, thinner, and less branched with increased
GFAP staining intensity [18,19]. By comparison, the SR and DFS rats exhibited both an
increased percentage of leaky vessels and fibrinogen extravasation relative to the Control
and SI rats, and the astrocytes in the rats exposed to SR alone exhibited greater astrocyte
damage, including a loss of projections and death. The SR rats also had an enlarged LV in
the medial-to-lateral direction and both the SR and DFS rats had a reduction in endothelial
cells lining the LV compared to the Control, and in SR rats was also reduced compared to
SI rats. Together, these findings suggest that the greater loss of BBB integrity and structural
changes in the brain were associated with greater astrocyte damage and loss.

Overall, these data indicate that SR exposure had a negative impact on the integrity
of brain macro- and microstructures. The altered morphology induced by SR appeared to
disrupt both the vascular and lymphatic systems, observed by increased BBB permeability
and LV enlargement, and was associated with a loss of supporting cells, including astrocytes
and endothelial cells. Interestingly, some of the deficits observed in the SR group were
marginally rescued in the DFS group. We have also observed a similar effect in some
behavioral tasks [17], though the mechanisms are not yet known. Despite this partial
rescue, compared to the Control and SI groups, the DFS animals still had a significant
reduction in structural integrity. The differences in the BBB morphology exhibited in the
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group that was exposed to SI alone were mainly related to altered astrocyte morphology
compared to the Control group.

The breakdown of the BBB has been associated with cognitive dysfunction and in-
creases in neuroinflammation [15]. Studies have shown the negative effects of singular
SR [20,21] and SI [11,22,23] exposure on BBB integrity. Specifically, SR has been shown to
target the microvascular system and disrupt endothelial barrier function by uncoupling
important cell adhesion molecules (e.g., PECAM-1 and CD31) [8]. SI has been reported to
increase levels of pro-inflammatory cytokines [22] and reactive oxygen species (ROS) [23]
in the brain.

Our study found similar evidence for the disruption of the microvasculature system
by SR. However, we also found that BBB permeability in this group was heavily associated
with astrocyte viability and/or altered functionality (decrease in, or complete loss of,
projections) in astrocytes that survived. These SR-induced changes were heavily associated
with increased vessel leakage and fibrinogen relocation into the brain parenchyma. Other
studies have reported that SR can induce astrocyte senescence [24]. In our study, it is
possible that the SR-induced loss and/or senescence of astrocytes dysregulated the vascular
endothelium, which led to increased BBB permeability. Interestingly, dual exposure to
SI and SR (DFS) ameliorated the astrocyte loss observed in SR alone but was associated
with an altered, fibrous-like astrocyte morphology and increased vessel leakage. The
fibrous morphology was also found in the animals that experienced SI alone, but this was
not coupled with fibrinogen extravasation. To our knowledge, this study is the first to
report chronic individual or combination effects of SI and SR on astrocyte viability and
morphology in association with BBB regulation in vivo [25].

Astrocytes are integral in maintaining CNS homeostasis by providing structural sup-
port, supplying energy and metabolites, participating in immune responses [26], and
regulating vasculature endothelial responses [25,27]. The existence of two basic subtypes
of astrocytes in rodents has been established [18]. Protoplasmic astrocytes possess highly
branched projections that can extend to enwrap synapses, as well as blood vessels, to form
the outermost layer of the BBB. This allows for the regulation of both synaptic functions
and the regulation of blood flow/endothelium integrity. Fibrous astrocytes possess uni-
lateral, thin projections that are less branched. While the function of this subtype is still
not clear, its projections are mainly associated with blood vessel interactions similar to the
protoplasmic subtype. However, they create fewer connections with vessels compared to
the protoplasmic subtype [28] and are associated with increased GFAP staining [18,19].
This evidence could explain the increased BBB permeability that still occurred in the SI
and DFS groups compared to the Control group. Previous studies have shown that SI
alone can cause astrocytes to become hyperactive, and this change in astrocyte function
by SI has been linked to suppressed memory formation [29]. In our previously published
work [17], SI animals experienced blunted learning in sensorimotor tasks, though this was
not a chronic impairment. Further investigation into these alterations is required to fully
understand the effects of SI on astrocytes.

We also found that SR alone induced LV enlargement, which was also associated
with a dramatic loss of endothelial cells within the LV. Unlike in the BBB, these deficits
appeared to be rescued by DFS exposure. Previous studies have reported that prolonged
spaceflight altered cerebrospinal fluid (CSF), specifically through an enlargement of the
LV and decreased area of subarachnoid spaces [30]. The negative effects of SR on the
endothelial barrier and vascular integrity have also been previously reported [31,32]. To
our knowledge, this study is the first to report combination effects of SI and SR (DFS) on
endothelial cell viability and LV morphology.

BBB dysfunction has been linked to the pathogenesis of multiple neuropsychiatric
disorders [16,33,34] and to more severe anxiety symptoms [16,34]. Indeed, the SR and DFS
animals in this study exhibited increased BBB damage as well as increased anxiety across
multiple behavioral paradigms [17,35]. Elevated anxiety has been previously reported in
animals exposed to GCR [4,36]. Anxiety-related disorders and symptoms have also been
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associated with endothelial dysfunction in multiple organ systems (e.g., in the LV) [37,38].
Additionally, altered CSF flow and brain lymphatics have been linked to multiple neurode-
generative and neuromuscular diseases [39,40]. Mechanistically, this may be through a loss
of tight junction proteins, as previous studies have shown that a loss of these proteins (e.g.,
Cldn5) induced anxiety-like behaviors [41].

Alterations in immune system functionality could also be associated with these mor-
phological changes as previously discussed. Immune system activation has been shown to
negatively impact mood and behavior by increasing anxiety [42–44], fatigue, and emotional
dysregulation [45]. Given that executive functions play an important role in regulating
behavior, motivation, impulses, and arousal, astronauts with alterations in the BBB and LV
may exhibit reduced motivation and possibly aberrant or impulsive behavior. However,
further investigation into these mechanisms is necessary to understand fully how BBB and
LV dysfunction leads to increased altered behaviors.

Interestingly, the reported effects of SI alone on tight junction proteins have varied
across studies. Alshammari et al. [11] reported that SI increased Cldn5 and tight junction
proteins in the hippocampus, which could result in a tighter BBB. However, other work
has reported that SI beginning on post-natal day 21 decreased Cldn5 and increased BBB
breakdown and microglial activation in the amygdala relative to group-housed female
mice [46]. Other studies have reported similar decreases in BBB structural components [47]
produced by SI, which would be consistent with greater deficits in combined stressor rats.
Our results are consistent with these later findings, though we did not find additional
significant increases in leaky vessels and fibrinogen extravasation in DFS rats.

Our study has limitations. We conducted analyses on a relatively small number of
animals per condition. Thus, there is the possibility that we missed some alterations that
could have achieved significance with larger sample sizes. However, even with a smaller
n, we observed significant alterations in the BBB parameters in the SR and DFS rats. Our
study also was primarily descriptive and did not assess the functional significance of the
alterations that we observed. The changes we observed predict likely impairments in BBB
function; however, additional studies will be needed to assess and quantify the extent of
functional impairment.

The BBB serves a critical role in regulating the molecular exchange between peripheral
blood and the central nervous system. Maintaining proper functioning of the BBB is essen-
tial for brain health, although the full pathological relevance of its dysfunction is poorly
understood [48,49]. However, research has linked BBB dysfunction to cognitive dysfunc-
tion, increased neuroinflammation [15], and neuropsychiatric disorders [16], suggesting
that SR and damage induced by SR and other spaceflight stressors could alter emotion and
impair cognitive function in astronauts in ways that could impact their ability to complete
their mission. Thus, determining how singular and combination inflight stressors interact to
modulate the immune system and BBB is crucial to fully understand the multiple pathways
that could impact astronaut performance and health, including the alterations to the CNS
structures and cell viability observed in this study.
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9. Pereda-Péreza, I.; Popović, N.; Otalora, B.B.; Popović, M.; Madrid, J.A.; Rol, M.A.; Venero, C. Long-term social isolation in the
adulthood results in CA1 shrinkage and cognitive impairment. Neurobiol. Learn. Mem. 2013, 106, 31–39. [CrossRef]

10. Roberts, D.R.D.R.; Al, E.; Albrecht, M.H.; Collins, H.; Asemani, D. Effects of Spaceflight on Astronaut Brain Structure as Indicated
by MRI. N. Engl. J. Med. 2017, 377, 1746–1753. [CrossRef]

11. Alshammari, T.K.; Alghamdi, H.M.; Alduhailan, H.E.; Saja, M.F.; Alrasheed, N.M.; Alshammari, M.A. Examining the central
effects of chronic stressful social isolation on rats. Biomed. Rep. 2020, 13, 56. [CrossRef]

12. Bellone, J.A.; Gifford, P.S.; Nishiyama, N.C.; Hartman, R.E.; Mao, X.W. Long-term effects of simulated microgravity and/or
chronic exposure to low-dose gamma radiation on behavior and blood–brain barrier integrity. NPJ Microgravity 2016, 2, 16019.
[CrossRef] [PubMed]

13. Gupta, S.; Dhanda, S.; Sandhir, R. Anatomy and physiology of blood-brain barrier. In Brain Targeted Drug Delivery System;
Academic Press: Cambridge, MA, USA, 2019; pp. 7–31.

14. Daneman, R.; Prat, A. The Blood-Brain Barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef]
15. Bowman, G.L.; Dayon, L.; Kirkland, R.; Wojcik, J.; Peyratout, G.; Severin, I.C.; Henry, H.; Oikonomidi, A.; Migliavacca, E.; Bacher,

M.; et al. Blood-brain barrier breakdown, neuroinflammation, and cognitive decline in older adults. Alzheimer’s Dement. 2018,
14, 1640–1650. [CrossRef] [PubMed]

16. Wang, X.; Ma, L.; Luo, Y.; Yang, Y.; Upreti, B.; Cheng, Y.; Cui, R.; Liu, S.; Xu, J. Increasing of Blood Brain Barrier Permeability and
the Association With Depression and Anxiety in Systemic Lupus Erythematosus Patients. Front. Med. 2022, 9, 852835. [CrossRef]
[PubMed]

17. Adkins, A.M.; Colby, E.M.; Boden, A.F.; Gotthold, J.D.; Harris, R.D.; Britten, R.A.; Wellman, L.L.; Sanford, L.D. Differential Impact
of Social Isolation and Space Radiation on Behavior and Motor Learning in Rats. Life 2023, 13, 826. [CrossRef] [PubMed]

18. Miller, R.H.; Raff, M.C. Fibrous and Protoplasmic Astrocytes are Biochemically and Developmentally Distinct. J. Neurosci. 1984,
4, 585–592. [CrossRef] [PubMed]

19. Tabata, H. Diverse subtypes of astrocytes and their development during corticogenesis. Front. Neurosci. 2015, 9, 114. [CrossRef]

https://www.nasa.gov/hrp/5-hazards-of-human-spaceflight
https://www.nasa.gov/hrp/5-hazards-of-human-spaceflight
https://doi.org/10.1186/s12974-021-02368-9
https://www.ncbi.nlm.nih.gov/pubmed/34983568
https://doi.org/10.1016/j.neuroscience.2017.12.020
https://www.ncbi.nlm.nih.gov/pubmed/29275206
https://doi.org/10.1038/srep34774
https://www.ncbi.nlm.nih.gov/pubmed/27721383
https://doi.org/10.1186/s12974-020-01790-9
https://doi.org/10.1089/ars.2012.5134
https://doi.org/10.1371/journal.pone.0040844
https://www.ncbi.nlm.nih.gov/pubmed/22815839
https://doi.org/10.1667/RR14510.1
https://doi.org/10.1016/j.nlm.2013.07.004
https://doi.org/10.1056/NEJMoa1705129
https://doi.org/10.3892/br.2020.1363
https://doi.org/10.1038/npjmgrav.2016.19
https://www.ncbi.nlm.nih.gov/pubmed/28725731
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1016/j.jalz.2018.06.2857
https://www.ncbi.nlm.nih.gov/pubmed/30120040
https://doi.org/10.3389/fmed.2022.852835
https://www.ncbi.nlm.nih.gov/pubmed/35425773
https://doi.org/10.3390/life13030826
https://www.ncbi.nlm.nih.gov/pubmed/36983981
https://doi.org/10.1523/JNEUROSCI.04-02-00585.1984
https://www.ncbi.nlm.nih.gov/pubmed/6366155
https://doi.org/10.3389/fnins.2015.00114


Life 2024, 14, 636 12 of 13

20. Hart, E.; Odé, Z.; Derieppe, M.P.P.; Groenink, L.; Heymans, M.W.; Otten, R.; Lequin, M.H.; Janssens, G.O.; Hoving, E.W.;
van Vuurden, D.G. Blood-brain barrier permeability following conventional photon radiotherapy—A systematic review and
meta-analysis of clinical and preclinical studies. Clin. Transl. Radiat. Oncol. 2022, 35, 44–55. [CrossRef] [PubMed]

21. Trnovec, T.; Kállay, Z.; Bezek, S. Effects of ionizing radiation on the blood brain barrier permeability to pharmacologically active
substances. Int. J. Radiat. Oncol. Bioll Phys. 1990, 19, 1581–1587. [CrossRef]

22. Wu, X.; Ding, Z.; Fan, T.; Wang, K.; Li, S.; Zhao, J.; Zhu, W. Childhood social isolation causes anxiety-like behaviors via the
damage of blood-brain barrier in amygdala in female mice. Front. Cell Dev. Biol. 2022, 10, 943067. [CrossRef]

23. Schiavone, S.; Mhillaj, E.; Neri, M.; Morgese, M.G.; Tucci, P.; Bove, M.; Valentino, M.; Di Giovanni, G.; Pomara, C.; Turillazzi,
E.; et al. Early Loss of Blood-Brain Barrier Integrity Precedes NOX2 Elevation in the Prefrontal Cortex of an Animal Model of
Psychosis. Mol. Neurobiol. 2016, 54, 2031–2044. [CrossRef] [PubMed]

24. Turnquist, C.; Beck, J.A.; Horikawa, I.; Obiorah, I.E.; Von Muhlinen, N.; Vojtesek, B.; Lane, D.P.; Grunseich, C.; Chahine, J.J.; Ames,
H.M.; et al. Radiation-induced astrocyte senescence is rescued by ∆133p53. Neuro Oncol. 2019, 21, 474–485. [CrossRef] [PubMed]

25. Verma, S.D.; Chapelle, E.P.; de la Malkani, S.; Juran, C.M.; Boyko, V.; Costes, S.V.; Cekanaviciute, E. Astrocytes regulate vascular
endothelial responses to simulated deep space radiation in a human organ-on-a-chip model. Front. Immunol. 2022, 13, 864923.
[CrossRef] [PubMed]

26. Kim, Y.; Park, J.; Choi, Y.K. The Role of Astrocytes in the Central Nervous System Focused on BK Channel and Heme Oxygenase
Metabolites: A Review. Antioxidants 2019, 8, 121. [CrossRef] [PubMed]

27. Mishra, A. Binaural blood flow control by astrocytes: Listening to synapses and the vasculature. J. Physiol. 2017, 595, 1885–1902.
[CrossRef] [PubMed]

28. Köhler, S.; Winkler, U.; Hirrlinger, J. Heterogeneity of Astrocytes in Grey and White Matter. Neurochem. Res. 2019, 46, 3–14.
[CrossRef] [PubMed]

29. Cheng, Y.-T.; Woo, J.; Luna-Figueroa, E.; Maleki, E.; Harmanci, A.S.; Deneen, B. Social deprivation induces astrocytic TRPA1-GABA
suppression of hippocampal circuits. Neuron 2023, 111, 1301–1315.e5. [CrossRef] [PubMed]

30. Barisano, G.; Sepehrband, F.; Collins, H.R.; Jillings, S.; Jeurissen, B.; Taylor, J.A.; Schoenmaekers, C.; De Laet, C.; Rukavishnikov,
I.; Nosikova, I.; et al. The effect of prolonged spaceflight on cerebrospinal fluid and perivascular spaces of astronauts and
cosmonauts. Proc. Natl. Acad. Sci. USA 2022, 119, e2120439119. [CrossRef] [PubMed]

31. Mao, X.W.; Boerma, M.; Rodriguez, D.; Campbell-Beachler, M.; Jones, T.; Stanbouly, S.; Sridharan, V.; Wroe, A.; Nelson, G.A.
Acute effect of low-dose space radiation on mouse retina and retinal endothelial cells. Radiat. Res. 2018, 190, 45–52. [CrossRef]

32. Bouten, R.M.; Young, E.F.; Selwyn, R.; Iacono, D.; Rittase, W.B.; Day, R.M. Effects of radiation on endothelial barrier and vascular
integrity. In Tissue Barriers in Disease, Injury and Regeneration; Elsevier: Amsterdam, The Netherlands, 2021; pp. 43–94.

33. Wen, J.; Chen, C.H.; Stock, A.; Doerner, J.; Gulinello, M.; Putterman, C. Intracerebroventricular administration of TNF-like weak
inducer of apoptosis induces depression-like behavior and cognitive dysfunction in non-autoimmune mice. Brain Behav. Immun.
2016, 54, 27–37. [CrossRef]

34. Kamintsky, L.; Cairns, K.A.; Veksler, R.; Bowen, C.; Beyea, S.D.; Friedman, A.; Calkin, C. Blood-brain barrier imaging as a
potential biomarker for bipolar disorder progression. Neuroimage Clin. 2020, 26, 102049. [CrossRef] [PubMed]

35. Adkins, A.M.; Colby, E.M.; Boden, A.F.; Gotthold, J.D.; Harris, R.D.; Britten, R.A.; Wellman, L.L.; Sanford, L.D. Effects of social
isolation and galactic cosmic radiation on fine motor skills and behavioral performance. Life Sci. Space Res. 2024, 41, 74–79.
[CrossRef] [PubMed]

36. Alaghband, Y.; Klein, P.M.; Kramár, E.A.; Cranston, M.N.; Perry, B.C.; Shelerud, L.M.; Kane, A.E.; Doan, N.-L.; Ru, N.; Acharya,
M.M.; et al. Galactic cosmic radiation exposure causes multifaceted neurocognitive impairments. Cell. Mol. Life Sci. 2023, 80, 29.
[CrossRef]

37. Sara, J.D.S.; Ahmad, A.; Toya, T.; Pardo, L.S.; Lerman, L.O.; Lerman, A. Anxiety Disorders Are Associated With Coronary
Endothelial Dysfunction in Women With Chest Pain and Nonobstructive Coronary Artery Disease. J. Am. Heart Assoc. 2021,
10, e021722. [CrossRef] [PubMed]

38. Kheirabadi, G.R.; Toghani, F.; Kousha, M.; Hashemi, M.; Maracy, M.R.; Sharifi, M.R.; Bagherian-Sararoudi, R. Is there any
association of anxiety-depressive symptoms with vascular endothelial function or systemic inflammation? J. Res. Med. Sci. 2013,
18, 979–983. [PubMed]

39. Louveau, A.; Da Mesquita, S.; Kipnis, J. Lymphatics in Neurological Disorders: A neuro-lympho-vascular Component of Multiple
Sclerosis and Alzheimer’s Disease. Neuron 2016, 91, 957–973. [CrossRef] [PubMed]

40. Eide, P.K.; Valnes, L.M.; Lindstrøm, E.K.; Mardal, K.A.; Ringstad, G. Direction and magnitude of cerebrospinal fluid flow vary
substantially across central nervous system diseases. Fluids Barriers CNS 2021, 18, 16. [CrossRef] [PubMed]

41. Menard, C.; Pfau, M.L.; Hodes, G.E.; Kana, V.; Wang, V.X.; Bouchard, S.; Takahashi, A.; Flanigan, M.E.; Aleyasin, H.; LeClair,
K.B.; et al. Social stress induces neurovascular pathology promoting depression. Nat. Neurosci. 2017, 20, 1752–1760. [CrossRef]
[PubMed]

42. LeDoux, J. The Emotional Brain, Fear, and the Amydala. Cell. Mol. Neurobiol. 2003, 23, 727–738. [CrossRef]
43. Izquierdo, I.; Furini, C.R.G.; Myskiw, J.C. Fear Memory. Physiol. Rev. 2016, 96, 695–750. [CrossRef]
44. Davis, M. The Role of the Amygdala in Fear and Anxiety. Annu. Rev. Neurosci. 1992, 15, 353–375. [CrossRef] [PubMed]
45. Ravi, M.; Miller, A.H.; Michopoulos, V. The Immunology of Stress and the Impact of Inflammation on the Brain and Behavior.

BJPsych Adv. 2021, 27 (Suppl. S3), 158–165. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ctro.2022.04.013
https://www.ncbi.nlm.nih.gov/pubmed/35601799
https://doi.org/10.1016/0360-3016(90)90376-U
https://doi.org/10.3389/fcell.2022.943067
https://doi.org/10.1007/s12035-016-9791-8
https://www.ncbi.nlm.nih.gov/pubmed/26910819
https://doi.org/10.1093/neuonc/noz001
https://www.ncbi.nlm.nih.gov/pubmed/30615147
https://doi.org/10.3389/fimmu.2022.864923
https://www.ncbi.nlm.nih.gov/pubmed/36275678
https://doi.org/10.3390/antiox8050121
https://www.ncbi.nlm.nih.gov/pubmed/31060341
https://doi.org/10.1113/JP270979
https://www.ncbi.nlm.nih.gov/pubmed/27619153
https://doi.org/10.1007/s11064-019-02926-x
https://www.ncbi.nlm.nih.gov/pubmed/31797158
https://doi.org/10.1016/j.neuron.2023.01.015
https://www.ncbi.nlm.nih.gov/pubmed/36787749
https://doi.org/10.1073/pnas.2120439119
https://www.ncbi.nlm.nih.gov/pubmed/35412862
https://doi.org/10.1667/RR14977.1
https://doi.org/10.1016/j.bbi.2015.12.017
https://doi.org/10.1016/j.nicl.2019.102049
https://www.ncbi.nlm.nih.gov/pubmed/31718955
https://doi.org/10.1016/j.lssr.2024.01.005
https://www.ncbi.nlm.nih.gov/pubmed/38670655
https://doi.org/10.1007/s00018-022-04666-8
https://doi.org/10.1161/JAHA.121.021722
https://www.ncbi.nlm.nih.gov/pubmed/34459240
https://www.ncbi.nlm.nih.gov/pubmed/24523785
https://doi.org/10.1016/j.neuron.2016.08.027
https://www.ncbi.nlm.nih.gov/pubmed/27608759
https://doi.org/10.1186/s12987-021-00251-6
https://www.ncbi.nlm.nih.gov/pubmed/33794929
https://doi.org/10.1038/s41593-017-0010-3
https://www.ncbi.nlm.nih.gov/pubmed/29184215
https://doi.org/10.1023/A:1025048802629
https://doi.org/10.1152/physrev.00018.2015
https://doi.org/10.1146/annurev.ne.15.030192.002033
https://www.ncbi.nlm.nih.gov/pubmed/1575447
https://doi.org/10.1192/bja.2020.82
https://www.ncbi.nlm.nih.gov/pubmed/34055387


Life 2024, 14, 636 13 of 13

46. Hong, H.; Guo, C.; Liu, X.; Yang, L.; Ren, W.; Zhao, H.; Li, Y.; Zhou, Z.; Lam, S.M.; Mi, J.; et al. Differential effects of social
isolation on oligodendrocyte development in different brain regions: Insights from a canine model. Front. Cell. Neurosci. 2023,
17, 1201295. [CrossRef] [PubMed]

47. Quaegebeur, A.; Lange, C.; Carmeliet, P. The neurovascular link in health and disease: Molecular mechanisms and therapeutic
implications. Neuron 2011, 71, 406–424. [CrossRef] [PubMed]

48. Rubio-Araiz, A.; Porcu, F.; Pérez-Hernández, M.; García-Gutiérrez, M.S.; Aracil-Fernández, M.A.; Gutierrez-López, M.D.; Guerri,
C.; Manzanares, J.; O’Shea, E.; Colado, M.I. Disruption of blood-brain barrier integrity in postmortem alcoholic brain: Preclinical
evidence of TLR4 involvement from a binge-like drinking model. Addict. Biol. 2017, 22, 1103–1116. [CrossRef]

49. Wolburg, H.; Noell, S.; Mack, A.; Wolburg-Buchholz, K.; Fallier-Becker, P. Brain endothelial cells and the glio-vascular complex.
Cell Tissue Res. 2009, 335, 75–96. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fncel.2023.1201295
https://www.ncbi.nlm.nih.gov/pubmed/37538851
https://doi.org/10.1016/j.neuron.2011.07.013
https://www.ncbi.nlm.nih.gov/pubmed/21835339
https://doi.org/10.1111/adb.12376
https://doi.org/10.1007/s00441-008-0658-9

	Introduction 
	Materials and Methods 
	Subjects 
	Euthanasia 
	Histology 
	Confocal Microscopy 
	Light Microscopy 
	Statistical Analyses 

	Results 
	Blood–Brain Barrier (BBB) Integrity 
	Astrocyte Morphology 
	Brain Morphology 

	Discussion 
	References

