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BrdU: 5-bromo-2’-deoxyuridine
CDKs: Cyclin-Dependent Kinases
CDKIs: Cyclin-Dependent Kinase Inhibitors
CNS: Central Nervous System
DDREF: Dose-Rate Reduction Effectiveness Factor
DNA: Deoxyribonucleic Acid
ES: Embryonic stem cells
hips: Human Induced Pluripotent Stem Cells
HNSCs: Human Neural Stem Cells
HNSC.100: Human Neural Stem Cell Line
HZE: High Atomic Number Energy
iPS: Induced Pluripotent Stem Cells
ISS: International Space Station
miRNA: Micro RNA
MSCs: Mesenchymal Stem Cells
NSCs: Neural Stem Cells
OLs: Oligodendrocytes
OLPs: Oligodendrocyte Progenitors
PSA-NCAM: Polysialylated-Neural Cell Adhesion Molecule
QF: Radiation Quality Factor
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Abstract

 Long-term travel and lengthy stays for astronauts in outer space 

are imminent. To date, more than 500 astronauts have experienced 
the extreme conditions of space flight including microgravity and 
radiation. For the past decade, many studies associated with 
long-duration spaceflight have shown the recurring occurrence of 
ophthalmic abnormalities. The reasons of the observed changes 
in some astronauts remained unclear. However, factors such as 
the increase in intracranial pressure and fluid shifts are among 
the top potential contributing elements. Here we report a study 
that specifically looked at the effect of space environment on the 
proliferation and physiology of human Neural Stem Cells (NSCs) 
onboard the International Space Station (ISS) as compared to 
ground controls. The study revealed that human NSCs proliferated 
seven times more while in space (SPC) when compared to on Earth 
(1G) control cultures. We also examined by continuous live imaging 
the behavior of space flown NSCs upon return to Earth. We found 
that after space flight, they continued proliferating at the same 
pace as 1G controls. Interestingly, NSCs flown to space displayed 
a larger diameter than control cells. These phenomena, increased 
proliferation while in space and larger cell soma may contribute to 
intracranial hypertension found in astronauts, representing a risk 
factor and potential limitation to long duration space missions such 
as travelling to the Moon or Mars. In addition, NSCs are essential 
to maintain Central Nervous System (CNS) function, as they are 
the basis for the regeneration of CNS cell populations in health and 
disease.
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sim-µG: Simulated Microgravity
SPC: Space
SPC-µG: Space Microgravity
STM: Stem Cells Medium
1G: Terrestrial Gravity
0G: Zero Gravity

Introduction

 In human embryonic life, pluripotent cells proliferate and 
commit into distinctive cell lineages. During development, in vivo  
lineage commitment occurs and is maintained by the epigenetic 
programming of gene expression profiles in which methylation plays
a prominent role [1]. Cell renewal and the ability to specify into a 
particular phenotype are the two main characteristics of stem cells 
and organ-related stem cells such as neural stem cells (NSCs) that can 
differentiate into neurons, astrocytes, and oligodendrocytes. For these 
reasons, NSCs play key roles in development and in adulthood when 
they maintain the homeostasis of the central nervous system (CNS) 
[2]. Moreover, these cells are a promising source for cell replacement 
therapies for people with neurological disorders like multiple 
sclerosis, or developmental disabilities such as cerebral palsy. In 
vivo, these cells are influenced by intrinsic and environmental signals 
within their niche to regulate self-renewal and differentiation as 
described in the literature [3].

 Recently, following clinical issues associated with the eyes 
of many astronauts upon their return to Earth, space agencies are 
diligently working on addressing the mechanisms related to the space 
flight associated neuro-ocular syndrome (SANS) [4]. Many elements 
are potential contributing factors, but an increased volume of the 
cerebrospinal fluid in the brain and the optic nerve sheaths seemed 
to play an important role [5].There is strong evidence that changes 
in gravity loads during long-duration spaceflight will have an impact 
on the CNS and as a result on astronaut’s health and performance [6]. 
The environment determines what happens with NSCs, their fate to 
remain as such or differentiate [7]. Here we examined a novel effector 
on these cells, “space microgravity”, to determine if they keep their 
multi-lineage differentiation potential and regenerative capabilities. 
Recently, we have shown that human NSCs grown in space for over 5 
weeks upon their return, expressed specific biomarkers, and displayed 
both higher oxygen consumption and glycolysis as compared to 
ground controls [8]. This study consists of both, data obtained while 
NSCs were in flight and data obtained in our laboratory after space 
flight. We report that human NSCs flown to the International Space 
Station (ISS) proliferated more while in space (SPC) when compared 
to 1G control cultures. Through continuous live imaging, we also 
ascertained the behavior of NSCs after the space flight, showing some 
“memory” of the effects of microgravity. NSCs preserved their well-
known properties; they exhibited their typical self-renewal capacity 
and their fate choice properties when placed in a culture medium 
known to induce the astrocyte phenotype. A novel feature was noticed 
and is related to the observation that the NSCs were larger than ground 
control cells. Finally, we also tested the potential paracrine effects of 
NSCs flown to space, by using their secretome on naïve cells. It was 
demonstrated that NSCs generated in 1G proliferated more than the 
control counterparts did.

Materials and Methods 
Cells

 Prior to the space flight, a homogeneous population of NSCs was 
obtained from human induced pluripotent stem cells (hiPS). The 
original cells, known as “CS83iCTR-33nxx” (such as skin cells), 
were “reprogrammed” and provided to us by Cedars-Sinai Medical 
Center via a material transfer agreement. These cells were converted 
to “neural stem cells” by Dr. Espinosa using the culture medium 
“NSM” (neural specification medium with hepes to maintain the pH 
throughout the experiment) that she designed for neural specification 
[9]. Control cells were grown in the same types of hardware and pre- 
seeded onto mesh carriers just like those cells that travelled to space. 
Six carriers 2mm × 3mm were placed in the cell chamber. For the 
“in flight” proliferation study, we selected Type IV units because they 
offer the advantage of refreshing the culture medium twice by 
collecting the old medium into the first tank and replacing it with 
fresh medium contained in the second tank. The first tank contained 
medium with bromodeoxyuridine (BrdU) whereas the second did not. 
Before the flight implementation, the culture medium was equilibrated 
overnight at 5% CO2 in the incubator where cells were maintained. 
BrdU is a synthetic “thymidine analog” that incorporates into newly 
synthesized DNA during the S phase of the cell cycle [10,11].

 For space flight, NSCs were seeded onto mesh carriers and placed 
“free floating” using the pre-equilibrated culture medium in the cell 
chamber of Automated Type IV units from Yuri (Meckenbeuren, Ger). 
Because the incubator used onboard the ISS, the Space Technology 
and Advanced Research System Experiment Facility-1 (STaARS EF-
1) does not provide CO2 capabilities, the culture medium was pre-
equilibrated at 5% CO2 as previously shown [8]. The automated Type 
IV unit used during the in-flight proliferation experiment contains 
one Culture Chamber with a volume of 11.5ml ± 0.3ml Two Media 
Exchanges: Refreshment Medium and Fixative, Two Tanks with a 
volume of 11ml ± 0.3 ml each. The time needed for automated media 
exchange is approximately 5 to 7 min. This hardware is flight-proven 
and entails the Outer Shell covers, and the inner shell consisting of 
the cell culture chamber and integrated tanks containing the fresh 
culture media. This hardware from Yuri (formerly known as Kiwi, 
and prior to it, Airbus) was leased by STaARS for this study. We used 
it for flight and ground control. These hardware-units containing the 
experiment clip-in-place onto the Space Technology and Advanced 
Research System-1 Experiment Facility (STaARS EF-1) and interface 
mechanically and electrically with it (Figure 1). (For details on the 
hardware see: https://www.yurigravity.com/our-service). Our cells 
were flown aboard SpaceX-16.The units were placed in their self-
contained black cover and then placed insidea 37°C pre-conditioned 
double bag during ascent and descent.

Passive experiments, recovery of the hardware and har-
vesting of live samples

 We used the 8-well Petri dishes from Airbus-Kiwi (Friedrichshafen, 
DE) as shown in figure 2. NSCs were seeded on mesh carrier 2mm 
× 2mm and they were flown onto space onboard SpaceX-16. This 
experiment was designed mimicking the trajectory astronauts’ brains 
undergo during space flight (i.e., launch, stay in space and splash 
down when returning to earth). Thus, these units allowed for cells to 
be flown back to Earth alive, four mesh pieces were placed in each 
well. Pre-flight seeding: 0.5 × 106 cells were used for 4 wells (one 
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side of the passive hardware) and flown to the International Space 
Station (ISS), and installed in the STaARS-1 EF at 37°C. The cells 
remained onboard the ISS for 39.3 days and then returned to Earth. 
We referred to the 8 well units as “passive” because they remained 
unattended, and without medium change while in the ISS. During 
descent and after splash-down, live cells were maintained in a 
controlled environment at 37°C inside a conditioned double bag and 
transported at 37°C from Long Beach (CA, USA) airport to University 
of California Los Angeles (UCLA). The secretome together was 
collected and the cells were detached from the floor and walls of each 
well and were recovered separately. Secretome samples were frozen 
at -80°C. Next, NSCs that were attached to the mesh-carrier, were 
retrieved from the hardware, plated onto poly-d-lysine coated flasks 
in stem cell medium (STM) as previously described [6] and allowed  
to recover from space flight. After 20h in the incubator [5% CO2 and 
36.8°C], flasks were placed in a Zeiss Axio Observer 7 (Oberkochen, 
Germany) fully motorized inverted research microscope with the 
Zeiss Axiocam 506 monochrome camera with Zeiss ZEN software. 
The system was equipped with the Zeiss Full Incubation XL chamber. 
We want to emphasize that during ascent and while in the ISS, all cells 
were kept at 37°C. Subsequently, waiting for unberth and descent, 
cells were kept at 37°C in a conditioned double bag then placed in 
37°C controlled environment during transit until their delivery to 
UCLA. The synopsis for the passive experiments is shown (Figure 
2). For details on this hardware please see information from Yuri 
in Supplement 2. Asynchronous ground control experiments were 
performed post-flight. The experiment timeline and environmental 
parameters from the ISS were used to simulate ground controls as 
close as possible from flight.

Secretome collection

 The culture medium that fed the cells during space flight was 
recovered from the hardware separately, medium from the cell 
chamber, and each tank were placed in numbered tubes and saved 
frozen at -80°C. This medium is commonly known as conditioned 
medium. For the purpose of this manuscript, we named this 
conditioned medium “secretome”. In comparative figures we use the 
term “space CM” to differentiate from conditioned medium derived 
from ground control or naïve cells. For treatments with secretome  
from space-flown NSCs the volumes were 2:1, meaning there were 2 
parts culture medium per 1 part secretome.

Examination of NSCs cultures that were stopped during 
space flight

 For the “in space proliferation study”, the mesh pieces containing 
the cells, were preserved in RNA Later. Prior to unberth and upon 
return to UCLA, the cells were post-fixed with 2% paraformaldehyde 
for 30 min and transferred to tubes containing phosphate buffer saline 
(PBS) to be examined by triple immunofluorescence as previously 
described [8]. Cells rescued from the passive hardware were 
recovered one well at a time and were plated onto coated plastic 8‐
well chambers (Nunc 177445), or on poly-d-lysine coated glass cover 
slips as previously described [9].

Immunofluorescence 

 Cell lineages were confirmed using double immunofluorescence 
with established markers for stem cells, PSA‐NCAM supernatant, a 
 

Figure 2: Synopsis of passive experiments. NSCs were seeded on floating 
mesh carriers to which cells adhere strongly; this feature was necessary to en-
sure that cells would not detach and die during launching or while returning to 
Earth. Upon splash-down they were transferred to the Long Beach (CA, USA) 
Airport and brought to the laboratory (UCLA) at 37°C. Upon arrival, cells were 
seeded onto flasks or flaskettes and allowed to recover during six hours in the 
incubator prior to placing them in the imaging system. Like for the Type IV 
units, these units also had been placed in the self-contained black cover. For 
details on the functioning of this hardware please see information from Yuri in 
Supplement 2.

Figure 1: Automated Experiments. A) Shows the synopsis of the experiment 
and hardware used for the in-flight proliferation study. T indicates the time when 
cells started being in space microgravity or time 0days (d), T+2d (means time 
from berth plus 2days). B) To prevent cells from detaching from the surface 
of the hardware, during ascent and descent, cells were pre-seeded onto mesh 
carriers. These carriers were previously tested for this purpose, the arrow shows 
the mesh where cells grew freely forming tridimensional structures, mesh car-
riers used in these units were 2mm × 3mm. C) View of the Type IV chamber 
where cells were seeded (Airbus-Yuri, Friedrichshafen, D). D) Bottom view of 
computer assisted design of the Type IV unit showing the two tanks. Each tank 
contains culture medium for their respective unit. Tank 1 contained medium 
with BrdU. The medium from Tank 2 was sent to the cell chamber on T+5d in 
order to stop BrdU incorporation. The cells were then removed from the facility 
prior to moving them to 4°C. E) View of the external cover designed to self-con-
tain the units and their contents in case of a potential leak. F) View of the inner 
portion of facility where units were installed once contained in their black ex-
ternal cover. Cells travelled and were incubated in this facility while in space. 
The arrow shows the position of the units during space flight. The STaARS-1 
EF was designed by STaARS, inspired on this study having in mind the use of 
minimal astronaut time. Therefore, this facility is activated and controlled from 
STaARS’ headquarters in Houston, Tx. A total of four Automated Type IV units 
were flown aboard SpaceX-16 on December 5, 2018. To view more details of 
the hardware please see please see information from Yuri in Supplement 1 or 
visit (https://www.yurigravity.com/our-service - right-hardware).
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sialylated form of neural cell adhesion molecule, at 1:10 (Developmental 
Studies Hybridoma Bank, University of Iowa). Proliferation was 
ascertained with anti-BrdU, 1:200, and nestin antibody at 1:100 (BD 
Pharmingen, Franklin Lakes, NJ). Three secondary antibodies were 
used to visualize the markers mentioned above: goat anti‐mouse IgM 
AMCA 1:100 (Jackson Immunology Research (JIR) Laboratories, 
West Grove, PA); goat anti‐rabbit IgG Texas Red 1:800 (Jackson 
laboratories, west Grove, PA); and goat anti‐mouse IgG FITC 1:300 
(Sigma, St. Louis, MO). The immunofluorescence procedures were 
carried out as previously described [8,10]. Briefly, the cells were 
fixed with 4% paraformaldehyde. Samples were blocked for 1 h in 
1% BSA (Sigma-Aldrich), 0.3%, Triton X-100 (Sigma-Aldrich, St. 
Louis, MO, USA), and 10% normal goat or donkey serum in PBS. 
Primary antibodies were diluted in carrier solution (1% BSA and 
0.3%, Triton X-100 in PBS) and incubated overnight at 4°C. After 
washing with PBS, secondary antibodies (anti-rabbit Texas red, 
1:800 dilution; anti-mouse IgG Alexa Fluor 488, 1:1000 dilution; and 
anti-mouse IgM Alexa Fluor 633 ABCAM, 1:1000 dilution) were 
incubated for 1 hour at room temperature, washed with Tris-buffered 
saline (TBS) and mounted. The samples were imaged with the LSM 
800 confocal microscope (Zeiss, Jena, Germany) and analyzed with 
the Zen software (Zeiss).

Statistics

 Data are presented as mean ± SD and statistical analyses were 
performed using One-Way ANOVA, followed by Tukey post hoc test 
in which p<0.05 was defined as statistically significant.

 For cell proliferation, we used Student’s T-Test, in which p< 0.05 
was defined as statistically significant. For the analysis of naïve cells, 
a two-way ANOVA was performed, followed by Sidak’s multiple 
comparisons [11] test, in which *p< 0.05 was defined as statistically 
significant. For the cell diameter study a three-way ANOVA was 
performed, followed by Sidak’s multiple comparisons test [12].

Results
Proliferation of NSCs during space flight

 Cell proliferation was measured while NSCs were onboard the 
international space station (ISS) by using BrdU after 2 days from their 
arrival and stopping the cultures 3d later by transferring the cells to 
4°C. Upon return from space, we examined BrdU incorporation with 
a specific antibody, in conjunction with antibodies to detect two NSC 
markers, polysialylated-neural cell adhesion molecule (PSA-NCAM) 
that is a marker of neural precursors and developing migratory 
neuroblasts [13], and nestin, an intermediate filament protein known 
as stem/progenitor marker for neural stem cells and expressed in 
uncommitted CNS cells [12] in combination with BrdU. Control cells 
were grown in the same type of hardware and pre-seeded onto mesh 
carriers just like those cells that travelled to space. For the proliferation 
study shown in figure 1, Automatic type IV units were used and tank 1 
contained medium with BrdU. There were considerably fewer cells in 
cultures grown solely in 1G when compared to cells that had travelled 
to space. Most cells having flown into space expressed BrdU and 
colocalized with nestin and PSA-NCAM. In fact, after three days in 
space, 80% of NSCs were labeled for BrdU indicating that they had 
proliferated extensively with respect to 1G control cells (Figure 3). 
Comparison of the average total number of cells per field was 290 
+/- 65 for cells grown in 1G and 910 +/- 132 for cells grown during 
the in-space flight.

Continuous live imaging of SPC-flown NSCs

Mitotic activity of NSCs after space flight: After harvesting and 
replating, NSCs were allowed to recover for 6h following the space 
flight and transit. Subsequently, NSCs were placed in a time-lapse 
microscope system (Zeiss, Oberkochen, Germany). Images were 
acquired every 15 min for a longitudinal study. We observed that 
cell numbers increased with time in culture for both 1G controls and  
NSCs-flown onto space. The ratio between 1G and post-SPC total 
number of cells did not decrease with time, and these differences were 
significant between groups for the first two time points. Nonetheless, 
these differences became non-significant by 30h. Therefore, NSCs 
flown onto space and their progenies preserved their proliferative 
capacity for up to 15h. This is a feature proper to NSCs, indicating that 
they were in good health. Nonetheless, as time on Earth increased, the 
rate of proliferation decreased with time tending to normalize starting 
at 30h where differences were not significant (Figure 4).

Cytokinesis of NSCs

 We also ascertained the length of the cell cycle, based on 
cytokinesis phenomena, that consists of the time between “birth 
cytokinesis” and “division cytokinesis” in different NSCs. Tracking 
of cells was performed by visual observation of image sequences 
forward and backward in time to maximize the number of linearly 
related cytokinesis as previously described [13]. Cytokinesis analysis 
one week after space flight is shown in figure 5. We determined that 
the average doubling time of space-flown NSCs cells ranged between 
15h and 22h.

Naïve NSCs in the presence of NSCs-SPC medium display 
enhanced proliferation

 In a longitudinal study, we next examined the effect of NSCs space-
flown secretome on the proliferation of 1G naïve NSCs. Cells were 
seeded on poly-d-lysine coated flaskettes in STM medium. During the 
first 42 hours, NSCs grew in their regular culture medium. Starting at  

Figure 3: Comparison of proliferation of NSCs for 3 days while in space 
or ground control cultures. Both groups of cells were cultured in the Type 
IV hardware in the same conditions the only difference being space micro-
gravity (SPC) vs. Earth gravity (1G). The figure depicts the triple immuno-
fluorescence for NSCs markers, Nestin in green and polysialylated-neural 
cell adhesion molecule (PSA-NCAM) in red, and for BrdU (in blue) as a 
marker of cell proliferation. Data were plotted as the mean of six fields. 
Statistical significance was assessed by the Student’s t-test, in which p< 
0.05 was defined as statistically significant.
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43h, the same cultures were treated with the secretome from space-
flown NSCs in a ratio 2:1 v/v stem medium: SPC-secretome. Cell 
counts were performed at 0, 15 and 30h prior to adding the secretome. 
Then cells were counted at 43h, 58h, and 73h after the addition of the 
NSCs-SPC secretome, respectively. Two-way ANOVA with repeated 
measures on both 3 time points and 2 treatments (1G/1G NSC+SPC). 
The results are shown in Figure 6. After the addition of the secretome 
from space-flown NSCs, the total number of cells increased by 4.6 
times, 3 times, and 2.7 times for 43, 58, and 73 h, respectively.

Discussion
 There is significant similarity between embryonic and adult 
neurogenesis, indicating that some intrinsic signaling pathways 
are conserved. Intrinsic and extrinsic mechanisms regulate adult  

neurogenesis. Molecules and signaling pathways have been identified, 
among them, niche components such as extracellular molecules, 
receptors, transcriptional factors, and epigenetic regulators [14-
17]. Moreover, physiological stimuli such as physical exercise 
or seizures increase NSCs proliferation [18-20]. Strikingly, even 
a transient seizure (a few hours) [21] or electro-convulsion (a few 
minutes) [22] leads to sustained increases in precursor proliferation  
for days and weeks, indicating the existence of a form of memory 
in the regulation of neurogenesis by neuronal activity. Therefore, 
experiencing the environment modifies both, functional and structural 
neuro-plasticity (for ref: https://www.readcube.com/articles/10.3389/
fncel.2019.00066). Moreover, neuroplasticity involves not only 
neurons but also glial cells and both committed and uncommitted 
progenitors. A wide range of plasticity is observed during the 
development of the central nervous system (CNS), which decreases 
with age but is still present in adulthood and to some extent in aging 
and disease, depending on enriched environment [23]. Thus, the 
present study is relevant to humankind in space because space flight 
offers a completely different environment, and we sought to determine 
the effects of spaceflight on NSCs and their progenies in the absence 
of their niche and accompanying signals. This information has the 
potential to elucidate the effects of microgravity on cognitive and 
structural changes observed in astronauts.

NSC proliferation and cell cycle duration

 We have previously reported that during space flight NSCs 
proliferate and, in adequate conditions, they give rise to neurons [8]. 
Here we further quantified in-space-proliferation using automated 
hardware that allowed for BrdU incorporation that reflects de novo 
DNA synthesis. In space (SPC), NSCs preserved their self-renewal 
and pluripotency properties. We found that our human NSCs in SPC 
proliferated approximately eight times more than ground control 
NSCs as shown in figure 3. After space flight, NSCs continued 
proliferating significantly more than ground control NSCs for more  

Figure 4: Proliferation of neural stem cells after spaceflight. Cultures were 
imaged every 15 min. uninterrupted for 30hr. Six fields were selected and 
imaged with a 10X objective. The total number of cells per frame was 
counted. For SPC cells although their numbers slowly increased in func-
tion of time, by 30h the differences between control and SPC cell numbers 
was not as significant as for 6 and 15h, respectively. n = 4. Data Anal-
ysis was performed with One-way ANOVA followed by Bonferroni and 
Holmes multiple comparisons test in which *p< 0.05 was defined as sta-
tistically significant. *p < 0.05. Data are presented as the mean of three 
separate cultures ± SD.

Figure 5: Cytokinesis of NSCs flown into space. Upon arrival and removal 
from the flight hardware, cells were allowed to acclimate to 1G for 6h. Cells 
were then placed in the incubation chamber for time-lapse microscopy and 
imaged every 15 min to examine cytokinesis. Asterisks indicate a cell that 
had just divided in order to follow its fate through time. Arrows represent 
the division of the cell and when that cell divides again. For views of ground 
control images, please refer to Figure S1).

Figure 6: Naïve neural stem cells with secretome produced by SPC-flown 
NSCs. Naïve NSCs maintained in 1G were seeded and placed in the time-
lapse system. Initially, imaging proceeded without adding the secretome 
from SPC-flown NSCs. Subsequently, starting at 43h cells were treated with 
the supernatant (secretome) of SPC-flown NSCs. We observed that as ex-
pected, NSCs proliferated as a function of time (orange bars). After adding 
the secretome from SPC-flown NSCs, they proliferated even more and these 
differences were significant (magenta bars). Data Analysis was performed 
with two-way ANOVA followed by Sidak’s multiple comparisons test in 
which *p< 0.05 was defined as statistically significant.  *p< 0.0026; **p< 
0.0030; ***p< 0.0017. Data represent three separate experiments reported 
as ± SD.
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than 15h. Nonetheless, with time on Earth, the differences persisted 
yet were not significant by 30h suggesting a tendency of NSCs and 
their Earth-born progenies to adopt their properties as they adapted to 
Earth gravity, as shown in figure 4.

 The literature on human NSC proliferation offers vast information 
on the duration of their cell cycle depending on their origin. For  
example, NSC-lines derived from the embryonic human brain range 
from seven to 10 days in the normal brain. Nonetheless, it varies by 
brain regions [24]. Another example is the human neural stem cell line 
(HNSC.100) perpetuated/immortalized with growth factors reported 
to divide every 40h [25]. With time, methods and composition of 
culture media pertaining to NSCs proliferation and maintenance have 
evolved giving rise to a wealth of information on the doubling time of 
human normal NSCs. For example, non-induced human NSCs during 
normal expansion from two conditionally immortalized cell lines 
proliferated with a doubling time of 72 hours (70%-80% confluence) 
[26]. A report comparing mouse NSCs to human NSC cultures 
harboring an increased proportion of CD133 negative cells has shown 
longer doubling time of 2-3 days, thus, much longer than that of 
mouse NSCs (∼24 hours) [27,28]. Recent information on induced 
pluripotent NSCs generated from human newborn foreskin fibroblasts 
has shown that their doubling time was 48 hours [29]. Here, we found 
that the average cell cycle duration of SPC-flown NSCs when back 
to 1G ranged between 15h (Figure 4) and 22h (data not shown). We 
have previously reported shortening of the cell cycle for mouse and 
human neural cells while grown in simulated microgravity as well as 
after placed back in 1G [7] and in particular oligodendrocytes (OLs) 
[11]. Therefore, neural cells appear to “remember” having been in 
microgravity (either simulated or space µG). Nonetheless, overall 
SPC-NSCs tended to normalize their proliferation pace after 30h once 
they were back to 1G. It is possible that our cells back from space and 
their progenies might have built a methylation-dependent memory to 
increase proliferation. Reports have shown that stem cell function is 
determined by epigenetic regulation that supports their establishment 
and maintenance. Moreover, epigenetic dysregulation leads to the 
altered potential of stem cells during aging or disease [30]. It is 
possible that epigenetic phenomena are regulated by gravitational 
changes. Here, prior to space flight, NSCs were growing adhered to 
the substratum and they were seeded on the mesh carrier and sent 
to space as low-density cultures. After the space flight, we found 
an increased number of cell clusters or colonies in cultures derived 
from SPC-NSCs and growing in 1G revealing a role for microgravity, 
perhaps via memory marker(s) resulting in increased proliferation 
and a concomitant increase of NSCs in a colony-like formation, a 
phenomenon reminiscent of more primitive stem cells. Similar 
findings have been reported [31] where human thyroid cancer cells 
displayed spheroid-formation during space flight with a concomitant 
alteration of gene expression in these cells. It has been shown that 
miRNAs regulate cell cycle progression in embryonic stem cells 
(ES) by targeting cell cycle-associated genes (e.g., Cyclins, Cyclin-
dependent kinases (CDKs) and their inhibitors (CDKIs) in ES cells 
[32]). Cyclins are regulated by miRNAs and expressed periodically 
throughout the cell cycle of totipotent stem cells, i.e., ES and induced 
pluripotent stem cells (iPS). Events and pathways in NSCs (that are 
pluripotent rather than totipotent) should not be compared directly, as 
one could infer that perhaps miRNAs are involved in the unique cell 
cycle, self-renewal, and pluripotency of NSCs and that this regulation 
is influenced by weightlessness. Almeida and collaborators [33] have  

shown that after a 15-day space flight, mouse ES cells display both 
reduced differentiation and poor regenerative potential [34]. The 
authors showed that expressions of growth factors associated with 
stem cell differentiation were significantly decreased in embryoid 
bodies that were differentiated in space. In contrast, expression of 
self-renewal and pluripotency markers (such as SOX1 and SOX2) was 
higher in space-flown ES cells when compared with ground control  
indicating partial maintenance of “stemness” while in space [33]. We 
have reported similar results for committed neural progenitors such 
as oligodendrocyte-progenitors, which expressed higher levels of 
early markers with a concomitant decrease of more mature markers 
expression [11].

 It has been shown that ablation of cyclin A resulted in cell 
proliferation but prevented colony formation in both ES cells and 
induced pluripotent stem (iPS). Although a detailed molecular 
study of the players of cell cycle was not in the scope of our NASA 
grant proposal, based on our data and data from others, one could 
hypothesize that microgravity may up-regulate Cyclin A or Cyclin 
D1 [32,34]. Confirmation of this point would make cyclins “gravity 
sensing markers” for NSCs. More studies are needed to prove this 
hypothesis.

 Numerous studies using different animal species have reported a 
strong correlation between shorter cell cycle and a higher proliferative 
potential of neural progenitors on Earth [34] suggesting that cell cycle 
length is functionally relevant during CNS development, because 
shorter cycles result in an increased cellular output in a given time 
slot. Nonetheless, expansion of the NSCs pool may be beneficial if 
it is controlled, while it may become deleterious if NSCs expansion 
perpetuates and leads to depletion of these uncommitted progenitors 
or even increased brain size. The literature shows that on Earth, cell 
cycle control is highly conserved across eukaryotic organisms and it 
is preserved in dissociated cells [34]. Other studies have identified 
cell fate determinants that are signaling molecules and transcription 
factors that control stem cell commitment. Based on our data two 
main questions come to mind: (i) how does microgravity influence all 
these events and molecules to increase NSCs proliferation? and (ii) is 
microgravity overdriving the cues inherent to the adult human brain 
leading to the production of new NSCs in the brain of astronauts? 
More studies are needed to elucidate these points. Microgravity can 
also inhibit the growth of cells such as mesenchymal stem cells, by 
arresting the cells in the G0/G1 phase of the cell cycle and diminishes 
the cellular response to growth factor stimulation [34]. Thus, 
understanding which key players are involved in the gravitational 
regulation of proliferation will allow us to design potential preventive 
measures for intracranial hypertension.

Is microgravity the fountain of youth for the CNS?

 Our previous and present data concur with Almeida’s group, 
where they documented a reduction of differentiation markers and 
a tendency of ES cells to remain in the “stemness state” in SPC-
µG [33]. Therefore, it appears that for ES cells and for cells of the 
neural lineage both, sim-µG and SPC-µG exert the same effect on 
the maturation and differentiation potential of cells. In particular, this 
infers that simulated microgravity device used by our group and others 
are suitable systems to mimic microgravity as experienced during 
spaceflight for NSCs. This is in sharp contrast to other biological 
systems such as bacteria where recent studies indicate the contrary 
[36].
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 These cells bore younger-like features typical of younger cells 
when compared to 1G controls. This effect was observed regardless 
of the species, as seen for example in the SPC-flown mouse ES [33]. 
Human SPC-flown NSCs (present data) and mouse and human OLPs 
grown in sim-µG [31] display the same younger-like features. These 
findings are in agreement with other reports and in particular with the  
famous “twins’ study”, where both Scott and Mark Kelly’s telomeres 
were similar in length at baseline before Scott’s flight. Nonetheless, 
after Scott’s arrival at the ISS, his telomeres were significantly longer 
[37,38]. Since telomere length is often used to determine aging (when 
the telomere is short) data from the twins’ study seem to confirm that 
cells can indeed become younger-like despite space flight stress and 
radiation exposure [39]. In the present study, we showed that our 
NSCs-flown to space preserved their self-renewal and pluripotency 
properties during space flight and after space flight.

 There is no doubt that a cautious interpretation is appropriate, 
nonetheless, more spaceflight studies like the present study are of 
utmost importance in order to further understand the impact of SPC-
µG on cells from the central nervous system. In addition, because 
there are different types of microgravity simulators such as bioreactors 
and clino-rotating robots, one needs to be prudent when comparing 
data generated using sim-µG vs. space flight [40]. Moreover, the 
source of cells including species and cell type may also influence the 
results generated and therefore, direct comparisons may not always 
be possible or advisable [41].

 Since longer space flights are imminent, understanding how NSCs 
responded to space, as well as how they behave upon returning to 
Earth, is of the essence in order to ensure that astronauts’ health is 
protected during and after long-term space travel. Moreover, since 
the Moon and Mars have partial gravity, 16.1% and 62% respectively, 
when compared to Earth, the countermeasures must also be designed 
accordingly [42].

 Finally, space travel implies exposure to both microgravity and 
radiation. Both represent health hazards, from which radiation is 
the main health risk for long space missions beyond low Earth orbit 
(LEO) [43]. Models from the NASA Space Cancer Risk (NSCR) 
indicate that galactic cosmic rays will lead to significant number of 
fatalities in long-term space missions (i.e., trip to Mars). In addition, 
models representing the uncertainties in the radiation quality factor 
(QF) parameters and the dose and dose-rate reduction effectiveness 
factor (DDREF) have been generated [44]. Experimental studies have 
shown that high atomic number energy (HZE) nuclei produce both 
qualitative and quantitative differences in biological effects compared 
to terrestrial radiation [45], predicting exposure health outcomes to 
humans. At the cellular level, the effects of long-term space radiation 
exposure to the brain are not yet fully understood. Therefore, studies 
on how space radiation affects NSCs are essential in order to learn 
how to preserve the astronauts’ CNS function in long-term space 
missions.

 Cell replacement therapies are the most promising approach for 
developmental disabilities and neurodegeneration. HiPS-derived 
NSCs are undoubtedly a great source of uncommitted progenies 
and neurons [8], for powerful therapeutic interventions using cell 
transplants to restore CNS function. Therefore, these types of 
therapies might be of consideration to minimize risks associated with 
long-duration space flight.
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