
fncel-18-1296205 February 12, 2024 Time: 15:1 # 1

TYPE Review
PUBLISHED 15 February 2024
DOI 10.3389/fncel.2024.1296205

OPEN ACCESS

EDITED BY

Felix E. Schweizer,
University of California, Los Angeles,
United States

REVIEWED BY

Gregory Nelson,
Loma Linda University, United States
Larry Hoffman,
University of California, Los Angeles,
United States

*CORRESPONDENCE

Zongjian Liu
liuzj888@ccmu.edu.cn

Xiaoqiong Li
aeople@126.com

Xuechai Chen
chenxuechai@bjut.edu.cn

†These authors have contributed equally to
this work

RECEIVED 18 September 2023
ACCEPTED 29 January 2024
PUBLISHED 15 February 2024

CITATION

Li Z, Wu J, Zhao T, Wei Y, Xu Y, Liu Z, Li X and
Chen X (2024) Microglial activation
in spaceflight and microgravity: potential risk
of cognitive dysfunction and poor neural
health.
Front. Cell. Neurosci. 18:1296205.
doi: 10.3389/fncel.2024.1296205

COPYRIGHT

© 2024 Li, Wu, Zhao, Wei, Xu, Liu, Li and
Chen. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Microglial activation in
spaceflight and microgravity:
potential risk of cognitive
dysfunction and poor neural
health
Zihan Li1†, Jiarui Wu1†, Tianyuan Zhao1, Yiyun Wei1, Yajing Xu1,
Zongjian Liu2*, Xiaoqiong Li3* and Xuechai Chen1*
1Beijing International Science and Technology Cooperation Base for Antiviral Drugs, College of
Chemistry and Life Science, Beijing University of Technology, Beijing, China, 2Department
of Rehabilitation, Beijing Rehabilitation Hospital, Capital Medical University, Beijing, China, 3School
of Life Sciences, Beijing Institute of Technology, Beijing, China

Due to the increased crewed spaceflights in recent years, it is vital to understand

how the space environment affects human health. A lack of gravitational force is

known to risk multiple physiological functions of astronauts, particularly damage

to the central nervous system (CNS). As innate immune cells of the CNS,

microglia can transition from a quiescent state to a pathological state, releasing

pro-inflammatory cytokines that contribute to neuroinflammation. There are

reports indicating that microglia can be activated by simulating microgravity

or exposure to galactic cosmic rays (GCR). Consequently, microglia may play

a role in the development of neuroinflammation during spaceflight. Prolonged

spaceflight sessions raise concerns about the chronic activation of microglia,

which could give rise to various neurological disorders, posing concealed risks

to the neural health of astronauts. This review summarizes the risks associated

with neural health owing to microglial activation and explores the stressors that

trigger microglial activation in the space environment. These stressors include

GCR, microgravity, and exposure to isolation and stress. Of particular focus is the

activation of microglia under microgravity conditions, along with the proposal of

a potential mechanism.

KEYWORDS
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1 Introduction

For nearly five decades, numerous space stations have been established in the near-
Earth orbit zone in various nations. These stations serve as outposts for deep space
exploration missions. Space presents a unique environment with reduced gravity and
various environmental, operational, and psychological stressors. Notably, the challenges
of microgravity and ionizing radiation in long-term space missions are significant for
astronauts. Numerous experiments have been conducted to simulate microgravity and
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space radiation to understand the damage caused by extended
spaceflight. These factors can impact astronaut health and
cognition, potentially disrupting mission execution. Many
astronauts stationed on the International Space Station (ISS) for
extended periods have reported immune system issues (Crucian
et al., 2016). Blood analysis during spaceflight has revealed
abnormal cytokine activation in the peripheral immune system,
suggesting the potential for excessive inflammatory responses
(Crucian et al., 2013; Chang et al., 2015; Buchheim et al., 2019;
Krieger et al., 2021).

Microglia, the innate immune cells of the central nervous
system (CNS), play a crucial role in defending the brain and
spinal cord. It is widely recognized that microglia originate from
macrophages in the yolk sac, emerging around embryonic day 7.25
(E7.25) (Ginhoux et al., 2010). Microglia in the CNS are isolated
from other immune cells and maintain homeostasis through self-
renewal. Their essential functions include monitoring changes in
the microenvironment, conducting physiological housekeeping,
and protecting against harmful agents (Colonna and Butovsky,
2017; Borst et al., 2021). Several clinical and neuropathological
studies have demonstrated that microglial activation plays a
pivotal role in neuroinflammatory and neurodegenerative diseases.
Microglia make up approximately 10–15% of all cells in the adult
brain (Xavier et al., 2014). Generally quiescent, microglia can
activate an amoeboid phenotype in response to various pathological
stimuli in the CNS. They can adopt either a pro-inflammatory
(M1) or anti-inflammatory (M2) phenotype, known as classical
and alternative activation, respectively (Guo et al., 2022). Current
research suggests a dynamic balance between these phenotypes
in the cerebral microenvironment. However, the M1/M2 concept
has been challenged by recent observations of diverse microglial
states and functions in development, aging, and disease. It suggests
(Paolicelli et al., 2022) that microglial activation is a highly dynamic
process. There is ongoing debate regarding the use of gene or
protein markers to identify microglial states.

Various pathological stimuli on Earth, such as aging (Shen
et al., 2021; Goldman et al., 2022), neurodegenerative diseases
(Brites and Vaz, 2014; Heneka et al., 2015), traumatic brain
injury (TBI) (Kumar and Loane, 2012; Jassam et al., 2017), and
prolonged sleep deprivation (Xue et al., 2019; Parhizkar et al., 2023),
have been reported to induce microglial activation (Figure 1).
Both the ability of microglia to monitor the brain and respond
to insults diminishes with age (Hefendehl et al., 2014). Gulen
et al. (2023) reported that in the aging brain, microglia show
an active transcriptional phenotype associated with cognitive
decline. A hallmark of aging is low-grade inflammation, and
increased expression of melanoma 2 (AIM2) in the inflammasome
regulates microglial activation via the complement pathway (Ye
et al., 2023). In various neurodegenerative diseases, misfolded
proteins like α-synuclein in Parkinson’s disease (PD) and amyloid-
β (Aβ) in Alzheimer’s disease (AD) alter the phagocytic activity
of microglia (Hansen et al., 2017; Wolf et al., 2017). Additionally,
bioactive compounds such as astaxanthin (Kim et al., 2010, 2020),
the sirt1 agonist resveratrol (Yang et al., 2017), hydroxytyrosol
(Gallardo-Fernández et al., 2019; Zhang et al., 2020), and curcumin
(Rahimifard et al., 2017) also induce microglial activation.

In spaceflight environments, galactic cosmic radiation (GCR),
microgravity, space isolation and stress exposure are the major
risks that have been reported to activate microglia (Figure 1). It

was reported that single heavy ion radiation or multi-ion simulated
galactic cosmic ray spectra (GCR sim) resulted in an inflammatory
response and enhanced microglial activation, and this phenomenon
can still be observed 12 months after irradiation (Parihar et al.,
2016; Krukowski et al., 2018b). The impact of microgravity on
the activation of microglia remains insufficiently defined, and
experiments simulating microgravity on Earth have been employed
for investigation. Hindlimb unloading (HU) represents a model of
simulated microgravity tailored for rodents. In vivo assessments
of microglial activity have been conducted utilizing HU, and
subsequent to HU treatment, neuroinflammation and microglial
activation have been detected in the hippocampus (Lin et al.,
2020). Chelyshev et al. (2014) showed that simulated microgravity
significantly increased the number of ionized calcium-binding
adaptor molecule 1 (Iba1+) microglia in the central canal and
dorsal root entry. Studies using BV-2 microglia, an immortalized
cell line derived from mouse primary microglia, also revealed
the activation of microglia in microgravity (Paulsen et al., 2015).
These findings demonstrated that microgravity could induce the
activation of microglia.

In this review, we first summarize the risks to neural health
caused by microglial activation in normal earth environments,
such as neuroinflammation, synaptic plasticity dysfunction, and
abnormal phagocytosis. Therefore, we will discuss the stressors
that can lead to microglial activation in the space environment,
including GCR, microgravity, and stress exposure. Based on
the known risk of microglial activation on Earth, we speculate
that spaceflight may also cause nerve damage in the spaceflight
environment induced by microglial activation. As microgravity
is a major problem in spaceflight and can’t be avoid, we
emphasize the activation of microglia in response to microgravity
exposure and propose its potential mechanism and damage to
the nervous system.

2 Microglial activation in the risk of
cognitive function and neural health

Microglia act as resident inflammatory cells in the CNS,
releasing pro- and anti-inflammatory factors through activation
to modulate the neuroinflammatory response. Furthermore,
microglia also carry out their functions as immune cells
via phagocytosis to participate in cellular debris removal
and synaptic pruning (Bohlson and Tenner, 2023). However,
neuroinflammation and phagocytosis play dual roles in neuro-
homeostasis by both promoting neurological recovery and
amplifying tissue damage, and their imbalance disrupts neuronal
homeostasis and ultimately leads to cognitive decline and
neurological-related diseases (Figure 2).

2.1 Neuroinflammation

Neuroinflammation impacts neural health through the
production of neurotoxic mediators, which result from an
exaggerated response to infection, aging, or surgical trauma. The
build-up of these neurotoxic mediators interferes with repair
mechanisms in microglia, affecting intracellular regulation. This
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FIGURE 1

Activation of microglia in Earth’s and spaceflight environments. In both the Earth environment, which includes aging, neurodegenerative disease,
traumatic brain injury, and sleep deprivation, and in the space environment, which includes cosmic radiation, microgravity, and stress exposure,
microglia can switch from a resting state to a pro- or anti-inflammatory phenotype. Activated microglia regulate the transition between the two
inflammatory phenotypes through polarization, which ultimately has an impact on human cognitive function and neural wellbeing.

leads to disruptions in axonal transport and mitochondrial
function, ultimately resulting in neuronal death (de Araújo
Boleti et al., 2020). Numerous studies have highlighted the dual
pro-inflammatory and anti-inflammatory roles of microglia
in neuroinflammation, emphasizing their significance in its
development (Subhramanyam et al., 2019; Guo et al., 2022).

The nuclear factor-κB (NF-κB) pathway is a well-researched
inflammatory pathway in microglia (He et al., 2023). Upon brain
insults, microglia are quickly mobilized to recognize antigens. This
triggers signal transduction that moves p65/p50 dimers from the
cytoplasm to the nucleus, activating the NF-κB pathway (Sun et al.,
2022). This activation leads to the secretion of pro-inflammatory
cytokines, including interleukin (IL)-1, IL-6, and tumor necrosis
factor α (TNF-α). Besides (Zhang et al., 2006) cytokine release, the
NF-κB pathway also controls the production of reactive oxygen
species (ROS), which compromise mitochondrial function and
contribute to chronic neuroinflammation (Alvariño et al., 2021).

Microglia induce excitotoxic neuronal death by overproducing
inducible nitric oxide synthase (iNOS), a stress source that
continuously activates microglia (Brown and Vilalta, 2015).
Another key inflammatory pathway, the MAPK/AP-1 pathway,
regulates the transcription factor activator protein-1 (AP-1) via
activation of mitogen-activated protein kinase (MAPK) family
members, including extracellular signal-regulated kinases 1 and
2 (ERK1/2), p38 MAPK, and c-Jun N-terminal kinase (JNK).
The MAPK signaling pathway is well-established in microglial
activation (Chen et al., 2022; Alhadlaq and Masocha, 2023; Aoki
et al., 2023) and is known to stimulate the transcription of pro-
inflammatory cytokines (Dhapola et al., 2021). It was reported
that blocking the transcriptional activity of c-Jun could effectively
ameliorate spatial learning impairment and memory deficits caused
by microglial activation (Han et al., 2022; Shi et al., 2022;
Xia et al., 2023). In addition, miRNAs (miR-155, miR-124, and
miR-21) were found to modulate the microglial phenotype by
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FIGURE 2

Functions of activated microglia in the CNS. Activated microglia mediate pro-inflammatory (orange), synaptic pruning (green), and phagocytosis
(purple) effects, which influence neural health. The schematic shows the molecular mechanisms of these functions.

regulating the expression of related proteins through the silencing
of mRNA translation or degradation of transcripts and regulating
the expression of pro-inflammatory signals and neuroinflammation
development (Zhang et al., 2012; Su et al., 2016; Brás et al., 2020).
Briefly, microglia are considered to be significant participants in
neuroinflammation. Inhibiting the pro-inflammatory activation of
microglia will become an important target for neuroinflammation
therapy.

2.2 Dysfunction of synaptic plasticity

Microglia influence neuronal synapse formation and pruning
through phagocytosis, playing a vital role in the wiring of neural
circuits in the healthy brain. This function is crucial for learning,
memory, behavior, and environmental adaptability (Miyanishi
et al., 2021). The nucleotide-binding oligomerization domain-like
receptor pyrin domain-containing 3 (NLRP3) inflammasome, a
receptor protein on microglia membranes, was implicated in age-
related cognitive decline in a mouse model. This involvement is
through the NLRP3/Caspase-1 pathway, where NLRP3 expression
negatively impacts the number or function of glutamate receptors
and age-related cognitive functions of alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors, leading to
synaptic plasticity and cognitive decline (Wang et al., 2022).
The NLRP3/Caspase-1 pathway also attenuates hypoperfusion-
induced dephosphorylation of calcium-calmodulin-dependent
protein kinase II (CaMKII) and cognitive dysfunction (Wang et al.,
2022). Li et al. (2009) noted that aging reduces the phosphorylation

of CaMKII and its downstream molecule, cyclic adenosine
monophosphate (cAMP) response element-binding protein. This
reduction affects the expression of transcriptional genes like
brain-derived neurotrophic factor, ultimately diminishing synaptic
function and cognitive performance (Li et al., 2009). Certain
receptors on microglia surfaces help maintain these cells in a
quiescent state, contributing to CNS homeostasis. Overexpression
of CD200 was shown to enhance the expression of two neuronal
proteins, synaptophysin 1 and postsynaptic density protein 95
(PSD-95), regulating synaptic contacts in the hippocampus (Ojo
et al., 2012).

It has been reported that complement-dependent phagocytosis
assists microglia in synaptic elimination. During development, C1q
and C3 localize to synapses and mediate synapse elimination via
microglial phagocytosis, where they participate in the formation
of mature neural circuits (Stevens et al., 2007). Microglia-mediated
complement-dependent synaptic pruning precedes synaptic loss in
the hippocampus of APP/PS1 AD transgenic mice, as indicated
by an increase in C1q expression (Hong et al., 2016). In addition,
soluble Aβ was also found to upregulate the expression of C1q,
leading to cognitive decline. One possible explanation is that an
increase in C1q promotes the activation of C3, which is located
downstream of the classical complement cascade and ultimately
mediates synaptic phagocytosis via C3/CR3 signaling in microglia
(Hong et al., 2016). In conclusion, the formation and pruning of
synapses participate in destroying the integrity of brain circuits,
leading to impaired synaptic plasticity and cognitive impairment,
eventually manifesting as synaptic plasticity dysfunction and
cognitive impairment.

Frontiers in Cellular Neuroscience 04 frontiersin.org

https://doi.org/10.3389/fncel.2024.1296205
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-18-1296205 February 12, 2024 Time: 15:1 # 5

Li et al. 10.3389/fncel.2024.1296205

2.3 Abnormal phagocytosis

In addition to affecting the formation of synapses and brain
circuits, phagocytosis of microglia also plays a crucial role in
removing metabolic waste and misfolded proteins to maintain
CNS homeostasis. Abnormal phagocytosis or impaired microglial
ability directly affects cognitive function and neural health. For
instance, the amount of myelin debris and protein aggregates
increases during aging, and an imbalance in CNS homeostasis
leads to a decrease in memory function, eventually leading
to neurodegeneration (Hefendehl et al., 2014). Additionally,
dysregulated microglia were demonstrated to lose the ability
to clear Aβ at lesion sites, resulting in the aggregation of
misfolded proteins and contributing to the pathogenesis of AD
(Hansen et al., 2017).

The phagocytic function of microglia is influenced by various
factors. CD22, a canonical B-cell receptor, was upregulated in
aging microglia and involved in antiphagocytosis (Pluvinage et al.,
2019). Lim et al. (2018) reported that the inhibition of Src family
tyrosine kinases (SFKs)/hematopoietic cell kinase (Hck) or the
knockout of the downstream factor SFK/Hck kinase spleen tyrosine
kinase (Syk) resulted in significant attenuation of phagocytosis in
microglia. Given that microglial phagocytosis requires high energy
expenditure, the reprogramming and conversion of glycolysis and
oxidative phosphorylation are important steps in this process (Song
et al., 2022). It was reported that blocking the expression of
Na+/H+ exchange isoform-1 (NHE1), which mediates H+ efflux in
exchange for Na+ efflux, leads to a metabolic shift from glycolysis
to oxidative phosphorylation and the generation of additional
adenosine triphosphate (ATP). Changes in metabolism improve the
phagocytic function of microglia and lead to increased phagocytosis
(Song et al., 2018). Taken together, these findings suggest that a
decrease in phagocytosis or dysregulation of metabolism could
induce abnormal phagocytosis in microglia, ultimately influencing
CNS homeostasis and exacerbating damage to neural health.

3 Microglial activation and cognitive
dysfunction in spaceflight

In contrast to those of the Earth, contact with spaceflight
conditions will bring a wide range of challenges from the external
environment to lifestyle: GCR exposure, microgravity, isolation
and stress exposure, circadian rhythm disruption, sleep disorders,
and malnutrition (Gemignani et al., 2014; Petit et al., 2019;
Baba et al., 2020; Kodaira et al., 2021; Desai et al., 2022). In
this section, we focus on several major stressors that reportedly
trigger neuroinflammation and microglial activation, potentially
endangering cognitive function and neural health.

3.1 Galactic cosmic radiation

During spaceflight, astronauts are inevitably exposed to the
space radiation environment, a complex field consisting of
energetically charged particles (Nelson, 2016). Since spacecraft
materials effectively shield electromagnetic waves, energetically
charged particles originating from the Sun, GCR, solar particle

events (SPEs), and Van Allen belts have become the major factors
affecting the surface environment of the bodies of astronauts
(Nelson, 2016). The GCR spectrum is composed of 90% protons,
9% helium (4He) ions, and 1% heavier ions and is regarded as
the major source of radiation (Nelson, 2016; Cekanaviciute et al.,
2018). Several ground-based simulation experiments have been
conducted to reveal the damage to the CNS caused by GCR. It
was demonstrated that microglia could be activated after exposure
to different types of particles. Rola et al. (2008) reported that
doses from 0.5 to 4 Gy of 56Fe irradiation had a negative effect
on hippocampal neurons, which was associated with microglial
activation and neuroinflammation. 4He radiation (5 and 30 cGy)
was shown to lead to an increase in the number of activated
microglia in the cortex, which induced neuroinflammation in the
surrounding area and caused a continuous impact on neural health
(Parihar et al., 2018). One concern is that rodents exposed to
single heavy ions, such as 48Ti or 16O, exhibit a reduction in
learning and memory knowledge over 12 weeks after radiation,
which indicates that heavy-ion exposure may lead to long-term
cognitive dysfunction (Parihar et al., 2016). Deficits in recognition
memory were also observed in mice exposed to 4He or protons,
revealing that all three components of the GCR could negatively
affect cognitive function (Raber et al., 2016; Parihar et al., 2020).
It is important to note that the selection of radiation doses in
experiments is not standardized. In experiments to study the effects
of the same particles, the radiation dose may range from 10 to 400
cGy, which can lead to insufficient comparability between different
studies. Furthermore, the GCR spectrum is complex, and the many
ions used for irradiation represent only a small fraction of the GCR
spectrum that astronauts experience. Therefore, the doses used for
single-particle radiation experiments can be much greater than the
actual exposure dose in spaceflight (Rienecker et al., 2021).

Radiation-induced oxidative stress also emerges as a significant
contributor to neurological harm and cognitive impairment,
warranting careful consideration (Simpson and Oliver, 2020).
ROS function as vital signaling molecules implicated in
neuroinflammation. The brain is particularly vulnerable to
this disruption owing to a confluence of factors, including
heightened ROS generation, inadequate antioxidant defenses,
and constrained regenerative capabilities. The damage-associated
molecular pattern (DAMP) signaling pathway assumes a pivotal
role in microglial activation and the facilitation of ROS production.
The DAMP signaling pathway induced by damage in acute injury
and neuroinflammation can respond to high mobility group box
1 (HMGB1), mitochondrial transcription factor A (TFAM), and
cytochrome C via pattern recognition receptors (PRRs), such as
CR3 and Toll-like receptor 4 (TLR4). Exposure to 4He radiation
significantly upregulated the expression of TLR4 and the pro-
inflammatory marker HMGB1 (Parihar et al., 2020), suggesting
that GCR exposure may trigger oxidative stress, thereby inducing
the activation of microglia.

Microglial depletion is considered a possible mechanism
of radiation-induced cognitive impairment. As mentioned
above, microglia can participate in synaptic remodeling through
complement-dependent phagocytosis. After treatment with
PLX5622 (PLX), a colony-stimulating factor 1 receptor (CSF-1R)
inhibitor that induces depletion of microglia, the expression levels
of two complement pathway mediators, C5aR and CD11b (CR3A),
significantly decreased after radiation exposure (Feng et al., 2021).
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In addition, the expression levels of three key phagocytic markers,
LAMP-1, CD206, and CD45, were also downregulated in the
PLX treatment group compared with the irradiation alone group
(Krukowski et al., 2018a), suggesting that both the complement
cascade and the prominent phagocytosis mediated by microglia
are affected by prolonged irradiation. Krukowski et al. (2018a)
demonstrated that the depletion of microglia using PLX for
approximately 2 weeks after radiation could prevent cognitive
decline and dendritic spine loss in the hippocampus; moreover,
Acharya et al. (2016) reported that the depletion of microglia
during radiation may provide similar protective effects.

3.2 Microgravity

Microgravity is a unique gravitational environment resulting
from the balance of centrifugal force exerted by orbiting
spacecraft and Earth’s gravitational pull. In spacecraft, due to crew
activities and vibrations from equipment, microgravity levels are
approximately 10−4 to 10−5 g, while in CubeSats, it is around
10−6 g (Ferranti et al., 2020; ElGindi et al., 2021). Microgravity
adversely affects various tissues and organs, causing muscle atrophy
(Ohira et al., 2022), bone loss (Smith et al., 2014), cardiovascular
(Aubert et al., 2016), and cerebrovascular diseases (Blaber et al.,
2013). A primary concern is a decline in cognitive abilities due to
microgravity (Liao et al., 2012; De la Torre, 2014; Cassady et al.,
2016), critical to astronaut mission success.

Microgravity environments are generated in two ways. One
is real microgravity, including drop towers, parabolic flights,
sounding rockets, and orbital experiments; the other is simulated
microgravity, which replicates microgravity effects on physiological
responses using external force or gravity sensing delay. Various
microgravity simulators or analogs have been developed for
experiments from the molecular level to living organisms. Both
real and simulated microgravity experiments should consider
differences in microgravity conditions and duration.

3.2.1 Real microgravity
Microgravity environments comprise drop towers, sounding

rockets, parabolic flights, and orbital experiments. Drop towers
provide high-quality microgravity, as low as 10−6 g, for a brief
duration of 2.2 to 9.5 s (European Space Agency, 2022). Scientific
research is typically conducted within a vacuum chamber to
eliminate the influence of drag and friction forces (European
Space Agency, 2022). In the field of biology, drop towers have
been employed for conducting experiments related to membrane
physiology and gravitaxis (Anken and Hilbig, 2004). Sounding
rockets, which are suborbital vehicles, transport payloads into
the upper atmosphere, reaching altitudes ranging from 250 to
350 km. Once they attain the desired altitude, the rocket releases its
payload, subjecting it to a 5–20-min free fall before descending by
parachute. Sounding rockets generally provide microgravity levels
at or below 10−5 g (Ferranti et al., 2020). However, due to limited
payload space, experiments require intricate designs and entail
relatively higher experimental costs. Additionally, during launch
and re-entry into the atmosphere, the payload may be exposed to
elevated levels of hypergravity, potentially affecting the samples
adversely. Parabolic flights simulate short-term microgravity

(approximately 20 s), alternating between microgravity (10−2 g)
and hypergravity (2 g) during each parabola (Ferranti et al.,
2020). This model is utilized to investigate acute phenomena.
A complete parabolic flight experiment typically encompasses
approximately 30 successive parabolas, affording researchers the
opportunity to analyze experimental procedures and make real-
time adjustments to related parameters (Ferranti et al., 2020).
Parabolic flight experiments offer a notable advantage by enabling
the simultaneous execution of multiple experiments during a single
flight, effectively optimizing time and reducing costs. However, it is
essential to acknowledge that parabolic flight entails a combination
of microgravity and hypergravity, which necessitates consideration
when interpreting the results. Paulsen et al. (2015) demonstrated
that during the microgravity phases, BV-2 microglia undergo a
rapid and reversible reduction in intercellular adhesion molecule
1 (ICAM-1) expression on the cell surface. In human subjects,
Schneider et al. (2008) observed that the microgravity phases of
parabolic flights induced significant alterations in frontal lobe
activity, a region closely associated with emotional processing and
performance modulation.

Orbital experiments, including those with CubeSats, satellites,
and the ISS, are recognized as the most expensive yet reliable
platforms for microgravity research, offering prolonged and stable
conditions. These in-orbit microgravity experiments necessitate a
detailed experimental plan, involving an extensive development
cycle, and the equipment used must possess a high degree of
automation. To this point, in vitro experiments on microglia in
the ISS context have not been documented. However, several
experiments at the individual level have been performed. Mhatre
et al. (2022) observed that, over a period of 34 days, oxidative
damage in Drosophila subjected to spaceflight microgravity
conditions could lead to elevated ROS levels, triggering a cascade
of events resulting in neuronal damage. Additionally, significant
climbing defects were noted in the spaceflight microgravity
group (Mhatre et al., 2022). Another study involving long-
term microgravity exposure (33 days) on female C57BL/6 mice
reported behavioral alterations. In this study, the behavior of
mice aboard the ISS was meticulously recorded and analyzed. It
was observed that within 7–10 days post-launch, younger mice
(aged 16 weeks) started showing unique circling behaviors, which
eventually developed into coordinated group activities (Ronca et al.,
2019). This circling behavior is hypothesized to be either a form of
stereotyped motor behavior or an abnormal repetitive behavior.

Moreover, several cases of genetic or proteomic analyses of
spaceflight mice of different durations have also been reported. Mao
et al. (2018) investigated spaceflight condition-induced changes
in protein expression in the gray and white matter of female
C57BL/6 mice after a 13-day spaceflight mission. Enolase 2 (ENO2)
was found to be upregulated in the gray matter, indicating
potential impacts on microglial glycolysis. Moreover, arginase 1
(Arg1) was significantly upregulated, suggesting that microglia
may be alternatively activated and play an anti-inflammatory role
in counteracting the effects of microgravity. However, Holley
et al. (2022) reported dysregulation of genes supporting innate
immune responses, microglial function, and ROS generation in
male C57BL/6 mice following 35 days of spaceflight. Notably,
the triggering receptor expressed on myeloid cells 2 (Trem2),
an inhibitor of neuroinflammation, was downregulated during
spaceflight and the expression of apolipoprotein E (ApoE)
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increased, indicating the impairment of purinergic signaling which
could lead to microglial activation (Victor et al., 2022). The
duration of spaceflight may play a pivotal role in different responses
to gene expression profiles and pathway regulation, as biological
processes related to immune/inflammation were upregulated in
another 91-day spaceflight experiment in which male C57BL/10
mice were used (Santucci et al., 2012).

A major threat to the success of space missions is insufficient
performance and asthenia. Previous work has shown that
various psychomotor functions, such as central postural functions,
attention, limb position sense, and the central management of
concurrent tasks, are impaired during spaceflight (Roll et al.,
1993; Manzey and Lorenz, 1998). However, the role that microglia
may play in these changes is still unknown. Obtaining microglial
samples directly from astronauts is not feasible due to their unique
distribution, and there are no current reports of in vitro cultivation
of microglia in Spacelab. Future research on microglia in real
microgravity conditions is needed.

3.2.2 Simulated microgravity
Simulated microgravity replicates the physiological effects of

microgravity by applying an external force or exploiting the delay
in gravity perception, and the purpose of simulating microgravity
analogs is to reproduce the effects of microgravity on organisms in
specific aspects. Tools such as 1D/2D Clinostats, the Rotary Cell
Culture System (RCCS), and 3D Clinostats/random positioning
machines (RPMs) are recognized for their affordability and
convenience in creating simulated microgravity environments on
Earth. Clinostats achieve this simulation by continually altering
the orientation of objects in relation to the gravitational vector,
producing effects similar to actual microgravity, especially when
these changes outpace the object’s gravitational response (Borst and
Van Loon, 2009). Clinostats are categorized into different types
based on rotation speed and the number of rotational axes. The
RCCS, in particular, prefers faster rotation speeds to counteract
sample sedimentation, making it more suitable for suspension cells.
Additionally, it is crucial to address the shear forces generated
by sample rotation when using an RPM. Modifying rotational
parameters and preventing air bubble formation in the liquid
medium are effective strategies to overcome these challenges (Borst
and Van Loon, 2009; Wuest et al., 2017). By adjusting the rotation
speed and the distance from the center, a simulated microgravity
level of approximately 10−4 g can be achieved (Grimm et al.,
2014). The operational convenience and affordability of Clinostats
make them useful tools for preliminary exploration prior to
conducting microgravity experiments, but the results obtained in
simulated microgravity must be verified during real microgravity.
Paulsen et al. (2015) demonstrated that BV-2 cells were activated
and that ICAM-1 expression was downregulated under simulated
microgravity conditions induced by a 2D clinostat at 60 rpm.
Furthermore, a subsequent study showed that the downregulation
of ICAM-1 was reversible in the microgravity phases of parabolic
flight (Paulsen et al., 2015).

Rodent HU has been widely accepted by the scientific
community as the rodent model of choice for simulating
microgravity (No author list, 1992). In this model, the hindlimbs
of rodents are raised to create a 30◦ head-down slope, which
results in a cephalad fluid shift and prevents weight bearing on the
hindquarters (Morey-Holton and Globus, 2002). It should be noted

that as the mice are generally housed individually, the HU model
may unintentionally lead to social isolation, potentially affecting
their behavior (Tahimic et al., 2019).

In recent years, several studies have reported that microglia can
be activated by HU treatment. Lin et al. (2020) demonstrated that
following 7 days of HU treatment, the number of sites positive for
the microglial marker Iba1 increased in the dentate gyrus, while
the number of neural stem cells decreased. Minocycline inhibited
the activation of microglia and reversed the damage. Similar
results were also observed in the spinal cord. Prolonged simulated
microgravity (30 days HU) increased the number of Iba1-
positive microglia approximately 1.6-fold, and their morphology
transformed into larger more arborized processes (Chelyshev et al.,
2014). CD68, another indicator of microglial activation, was also
significantly increased in the hippocampus, and the expression
of three pro-inflammatory cytokines, IL-3, IL-12, and IL-17, was
found to increase and be significantly correlated with CD68
upregulation (Rubinstein et al., 2022). In addition to the direct
results of observing microglia, some studies have demonstrated
that HU treatment induces oxidative stress injury in the brain
(Mao et al., 2016; Rubinstein et al., 2022), which may induce
the production of pro-inflammatory substances and create a self-
perpetuating neurotoxic cycle (Rojo et al., 2014). Overall, the
activation of microglia by microgravity exposure is associated
with the upregulation of neuroinflammatory markers, oxidative
stress damage, and the occurrence of neuroinflammation (Table 1).
However, the mechanisms through which microglia respond to
microgravity and are activated remain to be further investigated.

3.3 Isolation and stress exposure

The spatial isolation and social constraints inherent in
spaceflight could produce a persistent and stressful environment
for astronauts (Van Baarsen et al., 2009). Additionally, mission
performance necessitates a high degree of mental acuity, which
may further pressure and undermine mental stability. Although
few comprehensive models can construct a spaceflight-isolation
simulation system, in some special or extreme environments, long-
term isolation can induce depression and negative adjustment
reactions in crew members (Sandal et al., 1995; Sandal, 2000).
Both clinical and preclinical studies have demonstrated that stress
plays a significant role in the pathophysiology of depression, which
consequently activates microglia (Kessler, 1997; Risch et al., 2009).
Du Preez et al. (2021) demonstrated that chronic mild stress and
social isolation could lead to several behavioral changes resembling
depression and upregulate microglial activation in the dentate
gyrus of the hippocampus in male mice. Furthermore, isolation-
induced activation of microglia results in specific alterations in sex
and brain regions (Vu et al., 2023). The volume, territory, and
endpoints of microglia were shown to increase in the dorsomedial
hypothalamus and hippocampal CA2 region in adult male mice
following social isolation, while females showed an increase
in only the hypothalamus (Vu et al., 2023). Current findings
have demonstrated that social isolation and chronic stress may
result in the activation of microglia, and these negative impacts
could be sex-specific. Therefore, appropriate psychological and
medication interventions are needed to improve the mental health
of astronauts during missions.
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TABLE 1 Overview of the effects of ground microgravity simulators and analogs.

Platform Subject Duration Observation

2D clinorotation BV-2 cells 60 rpm for 24–96 h BV-2 cells were found activated and decreased ICAM-1 expression (Paulsen
et al., 2015)

(Adult) male Sprague-Dawley rats 7 days The number of Iba1-positive microglia increased in the dentate gyrus (Lin
et al., 2020)

(5–6 months) male C57BL/6J mice 14 days Analysis of mRNA expression levels was performed and observed the
upregulation of ion channel-related genes (Frigeri et al., 2008)

(10 weeks) male Sprague-Dawley rats 21 days Increased oxidative stress levels, pro-inflammatory cytokine levels, and
permeability, damaged BBB ultrastructure (Yan et al., 2021)

HU (6 months) female C57BL/6 mice 21 days Increased oxidative stress injury in the brain (Bellone et al., 2016)

(8 weeks) male Sprague-Dawley rats 28 days Proteomics analysis was performed and increased glutamate receptor 1,
glutamate receptor 4, and glutamic acid expression in hippocampus and
decreased 5-hydroxytryptamine, dopamine, and γ-amino acid butyric acid
(Wang et al., 2017)

(16 weeks) female wild type C57BL/6NJ and
MCAT transgenic mice

30 days Increased CD68 expression and pro-inflammatory cytokines IL-3, IL-12, and
IL-17 which were significantly correlated with CD68 upregulation
(Rubinstein et al., 2022)

Male C57B/6 mice 30 days The number of Iba1-positive microglia approximately 1.6-fold and their
morphology transformed into larger more arborized processes in the spinal
cord (Chelyshev et al., 2014)

4 Mechanistic assumptions of
microglial activation in microgravity

Serving as innate immune cells in the CNS, microglia
defend against insults and regulate the homeostasis of the brain
microenvironment. In response to these stimuli, microglia
can initiate a neuroinflammatory response, while persistent
neuroinflammation, in turn, induces neurotoxicity, leading to
neuronal damage. Although microglial activation in simulated
microgravity has been reported, the specific mechanism of
microgravity-induced microglial activation remains unclear.
Considering the general pathways of microglial activation, it can
be hypothesized that microglia may be spontaneously activated
in microgravity conditions and may also be activated by neuronal
injury and damage to the blood-brain barrier during spaceflight (as
shown in Figure 3).

4.1 Spontaneous activation of microglia

The current limitation of microglial experiments in
microgravity is that relatively few experimental reports on
microgravity have been published, and most of them were
conducted under simulated microgravity conditions. Nevertheless,
some studies indicate potential avenues for considering
spontaneous activation of microglia.

Immediate early genes (IEGs) are a type of gene that
are activated rapidly in response to cellular stimuli. Several
studies have reported that c-fos and c-Jun are regulated in
simulated microgravity (Shi et al., 2021). Furthermore, ICAM-1, a
transmembrane protein expressed on the surface of epithelial cells,
endothelial cells, T cells, and macrophages, was also demonstrated
to respond to microgravity stimulation (Buravkova et al., 2018; Lü
et al., 2019; Nassef et al., 2019; Ratushnyy et al., 2019). ICAM-1
expression was observed to decrease quickly and reversibly

on the surface of BV-2 cells following the microgravity phase
in parabolic flight, but in long-term microgravity induced by
orbital SIMBOX/Shenzhou-8, ICAM-1 expression increased in
macrophage-like differentiated human U937 cells (Paulsen et al.,
2015). The difference in the regulation of ICAM-1 between
U937 and BV-2 cells under microgravity conditions may be
attributed to differences in the source of the species or macrophage
distribution (Paulsen et al., 2015). Additionally, opposite results
were observed for the expression of ICAM-1 in primary human
macrophages following different durations of spaceflight (Paulsen
et al., 2015). These results demonstrated that ICAM-1 could be
sensitive to the microgravity response in the monocyte/macrophage
system and that changes in the expression of ICAM-1 may
contribute to functional impairments in the innate immune
system.

The regulation of ICAM-1 expression is a dynamic process
that is closely linked to cytoskeletal function. Changes in the
composition of the cytoskeleton were observed under both
simulated and real microgravity conditions (Cogoli-Greuter, 2014;
Thiel et al., 2019; Wu et al., 2022). A recent study showed that
microglial reactivity requires the remodeling of microtubules
(Rosito et al., 2023). Gitik et al. (2010) also demonstrated that
the cytoskeleton is involved in the regulation of microglial
phagocytosis via myosin light chain kinase (MLCK), Rho
GTPases, and the effector Rho-kinase (ROCK). Interestingly,
the gene expression of RhoA was upregulated in the mouse
brain after a 35-day spaceflight mission (Holley et al., 2022).
Although these transcriptomic results were based on the analysis
of whole-brain tissue, we suggest that Rho GTPases may be
involved in the activation of microglia in microgravity conditions.
Another piece of supporting evidence for this hypothesis stems
from the response mechanism of microgravity signals. Rho
GTPases are recognized as key intracellular mechanotransduction
mediators that can regulate multiple cell activities, and these
regulatory effects are highly context dependent (Xie et al., 2023).
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FIGURE 3

Hypothesis of the mechanism of microglial activation in microgravity. Microgravity may activate microglia through direct or indirect effects,
including responding to microgravity signals through microglial receptors, responding to microgravity-induced damage to neurons and damaging
the integrity of the blood-brain barrier.

Microgravity, especially cephalad fluid shifts and increasing
organic pressure caused by microgravity, can be regarded as a
type of mechanical stimulus. Microgravity-stimulated signals may
trigger multiple mechanosensitive ion channels (MSCs) [e.g.,
Piezo1 (Chen et al., 2018) and transient receptor potential vanilloid
4 (TRPV4) (Adapala et al., 2016)] on the surface of microglia,
thus initiating the intracellular transmission of microgravity-
stimulated signals and ultimately inducing the activation of
microglia. Previous studies have indicated that MSCs may act
as important upstream agents of the microgravity response
process in microglia (Wuest et al., 2018). For example, Piezo1
has been found to be essential for innate immunity. Solis et al.
(2019) demonstrated that innate immune cells could initiate an
inflammatory response via mechanically activated Piezo1 under
cyclic hydrostatic pressure. The number of Iba1-positive cells in the
hippocampus was increased after the injection of TRPV4 agonists,
suggesting that TRPV4 stimulation may convert microglia to an
activated phenotype (Wang et al., 2019). Additionally, increased
levels of the neuroinflammatory marker NLRP3, apoptosis-
associated spot protein, and cystatin-specific protease-1 were
also observed, suggesting that neuroinflammation occurs after
TRPV4 activation (Wang et al., 2019). While these studies
do not directly reveal the mechanism of microglial activation
in microgravity, they once again suggest that microgravity
stimulation may be the major factor inducing microglial
activation.

4.2 Neuronal injury induces microglial
activation

Neurons are the main contributors to brain function. Given
that the elimination of apoptotic neurons and the maintenance
of microenvironmental homeostasis are functions of microglia,
neuronal damage caused by microgravity exposure should be
considered initiating events that trigger microglial activation. The
ability to phagocytose apoptotic neurons enables microglia to
rapidly converge toward the site of CNS damage after acute brain
injury and transform into an ameboid form (Stence et al., 2001).

Microglial activation occurs in the early stages of
neuroinflammation, during which the brain rapidly responds
to the area of injury and persistence (Kawabori and Yenari, 2015).
Simulated experiments with RPM have shown that microgravity
is capable of damaging the formation and maturation of neural
networks, leading to an increase in apoptosis (Pani et al., 2013,
2016). A study investigating the effects of microgravity on
motoneurons revealed that the expression of caspase-3 was
upregulated after 30 days of spaceflight, and fragmentation of
neurons with formation structures similar to apoptotic bodies was
observed in individual caspase 3-positive motoneurons (Porseva
et al., 2017). Microglia can identify apoptotic neuronal fragments
as antigens, potentially initiating their activation. Prolonged
exposure to microgravity, in particular, could lead to enduring and
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chronic neuronal harm. While the phagocytic process of microglia
concerning neuronal apoptosis is a matter of interest, there have
been no published reports regarding the interaction between
neurons and microglia in microgravity environments. Given the
role of microglia in removing damaged cells, it is conceivable that
neuronal apoptosis in microgravity conditions may prompt the
activation of microglia.

4.3 Blood-brain barrier damage induces
microglial activation

Microgravity-induced dysfunction of the blood-brain barrier
(BBB) and neuroinflammation are believed to aggravate
microglial activation. The integrity of the BBB relies on the
coordinated signaling pathways facilitated through intercellular
communication among various brain cells, including endothelial
cells, pericytes, astrocytes, microglia, and oligodendrocytes
(Segarra et al., 2021). Factors compromising BBB integrity include
both cellular components, like endothelial cell dysfunction, and
noncellular components, such as inflammatory mediators in
the microenvironment (Takata et al., 2021). In cases of brain
injuries, for instance, mild traumatic brain injuries, BBB disruption
precedes the induction of neuroinflammatory responses through
microglia and astrocyte activation (Wu et al., 2021). Chronic
brain injury can result in prolonged BBB damage, sometimes
lasting years (Hay et al., 2015), accompanied by the leakage of
plasma proteins like fibrinogen, IgG, and albumin, which triggers
microglial activation and cytokine release (Hooper et al., 2005).
Recent findings from both simulated microgravity and actual
spaceflight suggest that microgravity could impair BBB integrity.
Yan et al. (2021) demonstrated that 21 days of HU treatment
induced oxidative stress, damaged BBB ultrastructure, and reduced
the expression of tight junction and adherens junction proteins in
rat brains. Additionally, an increase in pro-inflammatory cytokines
like TNF-α, IL-6, and interferon gamma (IFN-γ) was observed
(Yan et al., 2021). A spaceflight study by Mao et al. (2020) provided
pivotal evidence of downregulated zonula occludens-1 expression
and increased aquaporin 4 in the hippocampus. This study also
showed increased expression of perivascular reactive glial fibrillary
acidic protein (GFAP) astrocytes in the hippocampus of spaceflight
mice, suggesting astrocyte proliferation and hypertrophy in
response to brain injury, contributing to BBB destruction through
the release of chemokines and cytokines (Mao et al., 2020).
Overall, existing findings indicate that the disruption of the BBB
caused by microgravity could lead to the improper leakage of
plasma proteins, dysfunction of brain endothelial cells, and gliosis,
ultimately leading to the activation of microglia.

5 Prospects

Human space exploration is still in its nascent stages.
Studies have identified potential risks to astronauts’ cognitive
and neural health posed by spaceflights. One such risk factor is
microgravity, a distinctive gravitational environment encountered
during space missions. Prior research has reported microglia
activation in response to simulated microgravity. Nevertheless,

further research is necessary to elucidate the mechanisms through
which microgravity activates microglia, particularly in actual
spaceflight conditions (Santucci et al., 2012; Mao et al., 2018;
Holley et al., 2022). Recent transcriptomic and proteomic analyses
conducted during spaceflight, although based on whole-brain
conditions without a specific intracellular focus, provide a direction
for future research. In addition, another type of Earth-bound
experimental model, centrifugation-induced hypergravity, was
performed to study biological systems sensitive to changes in
gravity. The effect of hypergravity could involve oxidative stress
on the developing brain (Sajdel-Sulkowska et al., 2007), and the
expression of IL-1β and TNF-α was also found to increase in the
brains of rats repeatedly exposed to hypergravity (Liu et al., 2000).
Although these findings do not directly demonstrate microglial
activation under hypergravity conditions, they still indicate that
changes in gravity may lead to inflammatory reactions and
oxidative stress in the brain.

The utilization of animal models for spaceflight experiments
is a widely used method to study the impact of microgravity.
Nonetheless, variations in animal sex, age, and cage environment
could result in differing findings. The possible risk of automated
food disponder malfunction could also become an unstable factor,
leading to the accidental death of subject animals. A spaceflight
mission conducted on the unmanned Bion-M1 in 2013 resulted
in a malfunction in the food dispenser, resulting in the survival of
only approximately 50% of the mice (Andreev-Andrievskiy et al.,
2014). The key point is that current animal experiments conducted
in orbit have a common feature: the collection of tissue samples
is arranged after the animals return to Earth. Therefore, animals
experience significant hypergravity during the landing process,
which interferes with the results. Processing samples in orbit after
an experiment is a viable solution to avoid the influences of
hypergravity, but the operator must undergo specialized training or
participate in spaceflight missions with scientists, which increases
the cost of space experiments. In addition, unlike other immune
cells, such as macrophages found in the peripheral blood, the
limited distribution of microglia within the mammalian brain poses
difficulties in terms of isolation and subsequent study.

Due to the challenges in obtaining microglia, induced
pluripotent stem cells (iPSCs) could be valuable sources
for acquiring microglia. Studies have shown that iPSCs can
differentiate into microglia when exposed to specific cytokines
(Speicher et al., 2019). The commercial space company SpaceX
has reported that iPSCs isolated from AD and primary progressive
multiple sclerosis (MS) patients can be sent into space and
differentiated into microglia for investigating the relationship
between microglia and neurodegenerative diseases in microgravity
conditions (NASA.gov, 2019). These findings will contribute to the
advancement of research on microglial activation in the future.

Microfluidic chip stimulations may emerge as suitable
platforms for future in vitro spaceflight experiments, owing to their
compact size and ease of automation. Furthermore, microfluidic
chips can facilitate the co-culturing of cells, including vascular
endothelial cells, glial cells, and microglia, to simulate substance
exchange between the BBB and the brain within a microgravity
environment. Real-time monitoring of cellular states can also
be achieved by incorporating a monitoring module onto the
microfluidic chip, as demonstrated in aerospace experiments
involving macrophages (Shi et al., 2021). With advancements in
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research technology and the aerospace industry, further studies
should be conducted on the changes in microglia in spaceflight
conditions to provide strategies for ensuring the cognitive function
and neural health of astronauts.

Furthermore, it should be noted that this paper does not
address the potential damage to optic nerve function caused by
microglia activation in microgravity, since the main focus is on the
effects of microglia activation on cognitive and memory function
in microgravity and spaceflight. However, approximately 40 to
60% of astronauts involved in long-term ISS space missions have
reported the occurrence of spaceflight-associated neuro-ocular
syndrome, with the phenomenon of ophthalmological findings and
increased intracranial pressure (Rosenberg et al., 2021). Spaceflight-
induced cephalad shift of body fluids was considered to be the
inducement, possibly leading to elevated intracranial pressure
(ICP) and intraocular pressure (IOP) (Taibbi et al., 2013). An
increase in IOP is a major risk factor for glaucoma and triggers the
responses of microglia and astroglia to participate in the process
of neuroinflammation (Soto and Howell, 2014). Therefore, the
symptoms of increased IOP experienced by astronauts during
spaceflight may cause the activation of retinal microglia. Currently,
only one study has reported IOP changes, optic nerve damage, and
retinal microglial activation in rats after prolonged HU treatment
(Li et al., 2022). However, further research on microglial activation
in the eye associated with microgravity-related increases in IOP is
needed.
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