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Introduction
 Human induced Pluripotent Stem Cells (hiPSCs) are generated by 
direct reprogramming of human somatic cells to a pluripotent stage 
through ectopic expression of specific transcription factors. These 
cells self-renew and possess the capacity to differentiate into any cell 
type of the human body (rev. de Souza et al., 2013). Their clinical 
applications or potential to study disease biology through modeling 
makes hiPSCs highly important. Moreover, they can also be used to 
test new drugs, and their potential toxicity [1].

 Much is still unknown regarding the long-term effects of space 
microgravity (SPC-µG) on the CNS. One area of focus is the impact 
of SPC-µG on NSCs, which are still present and salient in the adult 
brain for their key roles in development, repair and maintaining ho-
meostasis [2,3]. There is increasing evidence that spaceflight induces 
intracranial hypertension and visual impairment [4].

 Microgravity has been previously reported to have the strongest 
effects on the sensorimotor, cerebellar, and vestibular areas of the 
brain [5]. Central venous and intercranial pressure are reduced from 
microgravity exposure, yet not to the extent observed in 90° seated 
upright posture on Earth. Instead, basal levels over 24h in micrograv-
ity are reported to remain slightly elevated, which may explain eye 
remodeling astronauts experience [6] as well as space flight-associat-
ed neuro-ocular syndrome (SANS) [7]. It has also been reported that 
microgravity induces apoptosis, alters the cytoskeleton, and affects 
differentiation, proliferation, and metabolic status at the cellular level 
[8].

 As pluripotent stem cells, NSCs are the sole CNS cells with the 
ability to regenerate the main cell populations that form the CNS, i.e., 
astrocytes, oligodendrocytes, and neurons. Therefore, the influence of 
SPC-µG on NSCs will also have health impacts. We have previously 
reported that NSCs proliferated more while in space when compared 
to GC cultures [9]. In the present study using time-lapse microscopy, 
we sought to determine the effect of sim-µG and SPC-µG on post-
flight NSCs proliferation and cell size. To our surprise, we found two 
cell sub-populations in the cultures of SPC-flown NSCs, distinguished  
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Abstract
 There are two approaches used to study the effects of micro-
gravity on cells -- using simulated microgravity on Earth (sim-µG) or 
sending cells to space (SPC-µG). We have recently reported that hu-
man neural stem cells (NSCs) proliferated seven-times more while in 
space than Ground Control (GC) NSCs on Earth. Here, using time-
lapse microscopy, we determined that in both sim-µG and SPC-µG 
there are two cell subpopulations dis-tinguished by differences in 
somatic diameter. In the case of SPC-flown NSCs vs. GC, the pro-
portion of ‘large’ diameter cells, classified as such when over 10 µm 
in diameter, was significantly greater at 81% of the total population 
measured, while GC cells exhibited a much smaller percentage of 
‘large’ NSCs at 49.2%. After ex-posure to sim-µG, the percentage 
of ‘small’ NSCs with a cell diameter under 10 µm was 45%, while 
the number of NSCs exhibiting a large diameter increased to 55%.
With respect to control NSCs maintained in 1G, most (72%) of these 
cells were ‘small’, while 28% of the NSCs were larger than 10 µm. 
Thus, the current study shows that SPC-µG exposure generated a 
greater proportion of ‘large’ NSCs than not only the GC cells, but 
also the sim-µG treated cells. Addition of SPC-NSCs secretome to 
naïve NSCs increased both proliferation and cell size. After 30h cells 
showed signs of unhealthy morphology, revealing a deleterious ef-
fect of SPC_NSC secretome.
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by differences in cell diameter. Based on cell diameter, we also found 
two subpopulations within NSCs exposed to sim-µG NSCs when 
compared to SPC-NSCs. Insights on the effects of sim-µG on other 
human cell populations, have been reported including alterations on 
bone cell signaling and cartilage Extracellular Matrix (ECM) synthe-
sis [10]. In conclusion, our current data shows increased proliferation 
after space flight and increased number of cells with a larger cell soma 
than GC cells. These two phenomena may contribute to intracranial 
hypertension in astronauts. Future work should analyze in depth mi-
crogravity-produced changes of NSCs at the epigenetic level.

Materials and Methods
Cells and culture system: hiPS-NSCs

 A homogeneous population of NSCs was obtained from hiPSCs. 
The original cells, known as “CS83iCTR-33nxx” were derived from 
fibroblasts that were “reprogrammed” and provided to us by Ce-
dars-Sinai Medical Center via a material transfer agreement. We then 
induced these hiPSCs to the neural phenotype using our STM medi-
um. For detailed information on the culture medium and cell prepara-
tion see [11]. The main steps of the protocol are seen in figure 1.

Naïve NSCs derived from human embryonic brain

 Use of human embryonic NSCs was approved by the Office of the 
Human Subject Committee. Cultures of NSCs were prepared with fe-
tal human tissue specimens donated by the Department of Pathology 
and Laboratory of Medicine at UCLA. Samples were de-identified 
in accordance with NIH guidelines. Anonymous, preserved speci-
mens are donated for medical research purposes and are IRB exempt 
( www.pathology.ucla.edu/TPCL.html ). NSCs were prepared and 
cultured in STM medium just as hiPS- derived NSCs, as previously 
reported [12].

 Ground Control (GC) cells were grown in hardware and pre-seed-
ed onto mesh carriers following the same procedure as the SPC cells. 
Type IV units were selected for the study due to their feature of re-
freshing culture medium using fresh medium from the second tank. 
The first tank contained medium with bromodeoxyuridine (BrdU), a 
synthetic “thymidine analog”, whereas the second did not. The cul-
ture medium was equilibrated overnight at 5% CO2 in the incubator 
before the flight implementation, where cells were maintained.

 The SPC-flown NSCs were seeded onto mesh carriers and placed 
“free floating” using pre-equilibrated culture medium in the cell 
chamber of Automated Type IV units from Yuri (Meckenbeuren, 
Ger). The culture medium was pre-equilibrated at 5% CO2 because 
the Space Technology and Advanced Research System Experiment 
Facility-1 (STaARS EF-1) incubator does not provide CO2capabili-
ties. The Type IV units contained one Culture Chamber with a vol-
ume of 11.5ml ± 0.3ml. In addition, the units contained two Media 
Exchanges - Refreshment Medium and Fixative, as well as two Tanks 
with a volume of 11 ml ± 0.3 ml each. The hardware is flight-proven 
and consists of outer shell covers as well as the cell culture chamber 
and integrated tanks containing fresh culture media in the inner shell. 
The time required for automated media exchange is between 5 to 7 
minutes. This hardware from Yuri (formerly known as Kiwi and, prior 
to it, Airbus) was leased by STaARS for this study for both GC and 
SPC conditions. The hardware-units containing the experiment can 
clip-in-place onto the STaARS EF-1 to electrically and mechanically 
interface with it (Figure 2).

Figure 1: Ectoderm induction was performed by exposing hiPSCs to 
SB431542 (SB) and dorsomorphin (DM), which instruct ectoderm forma-
tion preferentially, with the concomitant inhibition of endoderm and me-
soderm formation. All reagents were freshly prepared for optimal results. 
The substrate or coating of choice was IgM. Nonetheless, if the EBs have 
been exposed to 4°C while in suspension they would clump together, and 
the vast majority will not adhere to the IgM-coated surface. In this case, 
it is imperative to use Matrigel or poly-D-lysine (Figure modified from 
Espinosa et al., Current Protocols 2016).

Figure 2: A) Synopsis of passive experiments. After seeding NSCs on 
floating mesh carriers that promote strong cell adhesion, 4 cell carriers 
of 2 x 2mm were placed in each well pre-launching and they spent a total 
time of 39.6 days in space. 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 al-
lowed to recov-er for six hours in the incubator and subsequently they 
were placed in the imaging system. B) Cells were plated in the same type 
of units for the sim-µG study. All units, whether in space, sim-µG or GCs 
(1G) were maintained in the self-contained black cover [9].
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SPC-µG 

 Our cells were flown aboard SpaceX-16 to the International Space 
Station (ISS). Before returning to Earth, the cells remained onboard 
the ISS for 39.3 days. 2mm x 3mm mesh carriers were placed into cell 
chambers for the cells. The culture medium was equilibrated over-
night at 5% CO2 in the incubator where cells were maintained be-
fore the flight implementation. As for the cell cultures that were sent 
into SPC-µG, NSCs were seeded onto mesh carriers and placed “free 
floating” in the cell culture chamber of Automated Type IV units from 
Yuri. This hardware is flight-proven and entails both Outer Shell cov-
ers and the cell culture chamber and integrated tanks containing the 
culture medium, or Inner Shell. This hardware from Yuri (formerly 
known as Kiwi, and prior to it, Airbus) was leased from NASA for the 
Bioscience-4 experiment and was used for both GC and in-flight cells. 
These hardware-units containing the experiment clip-in-place onto 
the Space Technology and Advanced Research System-1 Experiment 
Facility (STaARS-1 EF) and interface mechanically and electrically 
with it (Figure 2A). (For further details on the hardware see: https://
www.yurigravity.com/our-service). 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.

Simulated microgravity

 For the sim-µG portion of this study, we used the 3D-clinostat that 
was designed and produced by Mitsubishi Heavy Industry, as previ-
ously described [13]. The outline of operational principle is described 
together with its mechanical design as follows: rotation around two 
independent axes makes the direction of gravity vector to scan the 
whole steric angle. While simulated microgravity cannot be directly 
equated to SPC-µG, the Mitsubishi 3D-clinostat had a minimal grav-
ity force that led to similar results in terms of enhanced proliferation. 
This 3D-clinostat was used to simulate microgravity and is referred 
to as the sim-µG condition for NSCs for the remainder of the paper 
(Figure 2A). The sim-µG NSCs were exposed to sim-µG for 72h.

Time-lapse microscopy

 Time-lapse imaging for cell proliferation studies were conducted 
with the ZEISS Axio Observer 7 fully motorized inverted research 
microscope equipped with Definite Focus 2, ZEISS Axiocam 506 
monochrome camera with ZEISS ZEN software, and ZEISS Full In-
cubation XL chamber for Temperature and CO2 control with a mo-
torized scanning stage (Figure 2B). Live cell imaging equipment was 
essential as we wanted to capture the behavior of cells as they were 
adapting to Earth gravity. The controlled temperature and gas envi-
ronment were equivalent to that of NSCs maintained in our cell cul-
ture incubator. Images were collected every 15 minutes at each of 6 to 
8 xyz positions for a 72-hour duration.

Statistics

 Data are presented as mean ± SD and statistical analyses were per-
formed using One-Way ANOVA, followed by Tukey post-hoc 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 Si-
dak’s multiple comparisons [14] test, in which *p< 0.05 was defined 
as statistically significant. For proportion statistical comparisons, the 
Chi-square test was used.

Results
Mitotic activity of NSCs following space flight or sim-µG

 In all 1G control and SPC-flown NSC cultures, proliferation was 
observed, increasing the total cell count during the 72h during which 
continuous live imaging was performed post-flight. Proliferation was 
significantly greater after Sim-µG and Space-Microgravity compared 
to controls. However, by 30h all differences between groups became 
non-significant. We can conclude these SPC-flown NSCs and their 
progenies preserve their proliferative capacity for 15h, but not 30h. 
This indicated NSCs are in good health as this capacity is a feature 
proper to NSCs. Nonetheless, with increasing time on Earth, the rate 
of proliferation decreased with time tending to normalize starting at 
30h where differences were not significant (Figure 3).

 As described in methods, a 3D-clinostat was used in the laboratory 
to simulate microgravity. The corresponding 1G control was kept in 
the same incubator just without the rotation. We compared the effects 
of sim-µG to SPC-µG 24h after removal from the 3D-clinostat or af-
ter space flight. We found a higher number of NSCs in cultures expo-
sure to the sim-µG. Specifically, there were more than twice as many 
NSCs in sim-µG when compared to GCs. Furthermore, the number 
of NSCs after the space flight was also increased with respect to GC 
samples indicating that after space flight NSCs continued proliferat-
ing more, as if they ‘remembered’ having been in space (Figure 3). 
The increased proliferation of these sim-µG cells shows that in terms 
of proliferative ability, sim-µG and SPC-µG conditions produce com-
parable results.

 These experiments were performed on Earth either in Earth gravi-
ty or using sim-µG (while on Earth). Thus, to differentiate them from 
the experiments where NSCs grew either on Earth as GC or while in 
SPC-flight we called control cells 1G.

Space flight influences NSCs subpopulations

 NSCs were removed from the flight hardware and plated onto po-
ly-d-lysine coated flaskettes. Cultures were kept in the incubator at 
37°C and 5% CO2 to recover from space travel and splashdown. Six 
hours later, NSCs were placed in a time-lapse microscope equipped  

Figure 3: Similar Influence of Simulated-µG and Space-Microgravity on 
Cell Proliferation. Comparison of NSCs proliferation after exposure to 
simulated microgravity or spaceflight. The figure depicts cell count values 
from six fields chosen randomly. The NSCs tested were cultured either in 
simulated microgravity during 72h and the corresponding 1G control in the 
same incubator (green bars), or after spaceflight and their correspond-ing 
GC (purple bars). Data Analysis was performed with One-way ANOVA 
followed by Tukey multiple com-parisons test in which *p < 0.05 was 
defined as statistically significant; **p < 0.01. Data represent the mean of 
three separate cultures ± SD.
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with temperature and CO2 control. While not every cell was larger, 
measurements yielded an increased average diameter. The diameter 
of NSCs was measured 24h after seeded. Random samples of 40 cells 
were selected, excluding outliers (as determined by Grubbs test), and 
subsequently categorized based on their properties. Cell diameter was 
measured using ZEISS ZEN Blue microscopy software in µm. We 
found two sub-populations of cells that we divided into two catego-
ries, the small population measuring between 7 µm and 10 µm, and 
the large population ranging from over 10 µm to 25 µm in diameter 
(Figure 4). These categories of small and large were determined based 
on the data, which on average split nicely into one of the two sizes. 
The SPC-flown NSCs were larger on average both as a whole and 
within the two subpopulations. For example, SPC-flown NSCs were, 
on average, 12.53 µm initially, and 12.6 µm at 24h, whereas GC cells 
measured on average 9 µm at 0h and 10.67 µm after 24h. These differ-
ences between control and SPC-flown NSCs were statistically signifi-
cant. Moreover, the differences between the two time points were also 
significant within groups. As for the small diameter sub-population, 
we also saw differences in diameter, with the SPC-flown small diame-
ter cells measuring 9.250 µm on average at 0h, while the GC NSCs at 
0h were much smaller, 8.465 µm on average. This shows that whether 
we are looking across a 24h period or simply comparing the sub-pop-
ulations at 0h after seeding, we can see an average larger cell size with 
the SPC-flown group (Figure 4). In agreement, we found a significant 
increase in the proportion (Figure 5) and relative distribution (Figure 
6) of large SPC-flown NSCs compared with GC.

 Characterization of NSCs grown in sim-µG showed a greater den-
sity and an apparent greater variety in cell size when compared to 
their 1G counterparts (Figure 7). The proportion of large cells was 
also increased under sim-µG as compared to the 1G control group, 
with 55% of the sim-µG cells qualifying as ‘large’ with diameters 
over 10 µG, and only 28% of the sample of 1G control NSCs quali-
fying as ‘large’ in diameter. However, overall, the size of the sim-µG 
treated NSCs was closer to that of the 1G cells than the SPC-flown 
NSCs (Figure 8).

 The results of figure 9 show that there is a higher proportion of 
NSCs with a smaller (under 10 µm) cell body diameter when cultured 
under GC conditions as compared to sim-µG (3-D-clinostat) NSCs 
cultured in the same incubator. Cell number and significance for this 
part of the study are shown.

 We have previously reported that the secretome from space-flown 
NSCs had effects on Earth-grown human NSCs increasing their pro-
liferation (Shaka et al., 2021).  In order to eliminate the possibility 
that our findings were inherent to hiPS-derived NSCs, we subsequent-
ly examined the effect of space-flown NSCs’ secretome on naïve em-
bryonic-NSCs using time-lapse microscopy. These cells were seeded 
on poly-d-lysine coated flaskettes in STM medium. During the first 
42 hours, NSCs were in their regular culture medium. They remained 
healthy and their cell processes interconnected with neighbor cells, 
for at least 43.33h, the duration of the experiment (Figure 10).  Start-
ing at hour 43, the same cells were treated with the secretome from 
space-flown NSCs in a ratio of 2:1 v/v stem medium: SPC-secretome  

Figure 4: A) Field views of ground control NSCs grown on Earth gravity 
(GC) or B) NSCs after spaceflight.Examples of cell diameters of large 
(15µm or more indicated with yellow arrows) and small (equal orunder 
10 µm, indicated with blue arrows) NSCs. Their diameter was measured 
using the Zen blue hardware. A) GC NSCs at 24h displayed a more homo-
geneous size. B) Cultures from SPC-flown NSCs 24h after platingshowed 
larger cells than control cultures. Insets show magnified views of the cells 
from the full frame images.

Figure 5: Proportion of small vs. large NSCs in GC and SPC-flown pop-
ulations. Panel A shows that the small and large NSCs grown in Earth 
gravity were evenly distributed, large NSCs accounted for 49.2% and 
small NSCs represented 50.8% of the entire population. Panel B shows 
that the proportion of cells included in each group shifted after exposure 
to SPC-µG, where large cells represented 81% of the total number of cells 
while the percentage of small NSCs had decreased to 19% (p=0.00001, 
Chi-square). Results are from three separate experiments, a total of 1800 
cells per condition were measured. The same data are reported as mean 
± SD in figure 6.

Figure 6: The bar graph shows the average size of 1G control NSCs was 
smaller for both classifications, small and large cell diameter. The average 
size of 1G small NSCs was 8.46 µm whereas for SPC NSCs the aver-
age small cell was 9.5 µm. Large SPC-treated NSCs averaged 16.76 µm, 
compared to the average large control NSC at 15 µm. Data analysis was 
performed with one-way ANOVA followed by a post-hoc Tukey HSD 
Test in which *p< 0.05 was defined as statistically significant. Results are 
from three separate experiments; a total of 1800 cells per condition were 
measured. Data are reported as mean ± SD (*p < 0.0001).
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respectively.  The same naïve NSCs were treated with the NSCs-se-
cretome starting at 43h. Initially, cells appeared healthy and were ei-
ther bipolar or multipolar. Nonetheless as soon as 10h they had started 
to lose contact with their neighbors. Some had lost their cell processes 
and were surrounded by debris. Some cell processes were semi-trun-
cated at this and subsequent time points (Figure 11). Moreover, af-
ter 24h in the secretome supplemented medium, the cell size of most 
NSCs tended to shift towards the large size, some measuring 15µm or 
larger in diameter. Cells also tended to form clusters as time in contact 
with SPC-secretome increased. Cells then started to die.

 Cell measurements were performed at 0, 10h, 33h and 43h. We 
performed measurements of the two NSCs sub-populations on cells 
prior to adding the SPC-secretome. Naïve cells remained at their orig-
inal size they displayed at the beginning of the study.

 We have previously reported that the secretome from space-flown 
NSCs had effects on Earth-grown human NSCs increasing their pro-
liferation (Shaka et al., 2021).  In order to eliminate the possibility 
that our findings were inherent to hiPS-derived NSCs, we subsequent-
ly examined the effect of space-flown NSCs’ secretome on naïve em-
bryonic-NSCs using time-lapse microscopy. These cells were seeded  

on poly-d-lysine coated flaskettes in STM medium. During the first 
42 hours, NSCs were in their regular culture medium. They remained 
healthy and their cell processes interconnected with neighbor cells, 
for at least 43.33h, the duration of the experiment (Figure 10). Start-
ing at hour 43, the same cells were treated with the secretome from 
space-flown NSCs in a ratio of 2:1 v/v stem medium: SPC-secretome 
respectively.  The same naïve NSCs were treated with the NSCs-se-
cretome starting at 43h. Initially, cells appeared healthy and were ei-
ther bipolar or multipolar. Nonetheless as soon as 10h they had started 
to lose contact with their neighbors. Some had lost their cell processes 
and were surrounded by debris. Some cell processes were semi-trun-
cated at this and subsequent time points (Figure 11). Moreover,  

Figure 7: Examples of 1G (A) and sim-µG (B) NSCs at the same time 
point. Sim-µG treated NSCs exhibited higher rates of proliferation shown 
by greater cell density in the image. Small cells are designated in blue as 
equal or under 10 µm in diameter, and large cells are shown in yellow with 
diameters over 10 µm. 

Figure 8: Diameter Comparison between human NSCs Grown in sim-µG 
or Earth Gravity (1G).  Cells were cultured in STMc medium for 24h and 
then photographed to perform measurements. A) The analysis revealed 
that in Earth gravity, there were more NSCs in the small-cell category ac-
counting for 72% of the total population, while only 28% of the cells were 
large. B) The percentage of the two sub-populations of NSCs exposed to 
sim-µG had significantly changed from 28% to 55% with a concomitant 
reduction of the small population group from 72% to 45% (P=0.0001, 
Chi-square). Therefore, there was a 27% increase in the large cell group. 
Results are from three separate experiments, a total of 1800 cells per con-
dition were measured. The same data are reported in figure 9 as mean ± 
SD.

Figure 9: The bar graph  shows that NSCs exposed to sim-µG exhibit 
more cells of a large  size when compared to GC NSCs. While the pop-
ulation of small diameter cells is equal between GC and sim-µG treated 
populations, we found many more cells that classified as large diameter 
for sim-µG compared to the GC subpopulation. The average size of small 
GC NSCs was 7.27 µm, whereas for sim-µG treated NSCs, the average 
small cell was 7.49 µm. Large SPC-treated NSCs averaged 12.47 µm, 
compared to the average large control NSC at 11.33 µm. Results are from 
three separate experiments, a total of 1800 cells per condition were meas-
ured. Data are reported as mean ± SD (*p< 0.0001).

Figure 10: Control naïve neural stem cells. A) At the beginning of the 
experiment naïve NSCs in STM medium were mostly bipolar and some 
had three or more cell proesses. B to E) with time in culture, NSCs devel-
oped strong interconnecting branch-like processes. F) Higher magifica-
tion view of a NSC with multiple processes. G) View of another cell with 
strong healty processes.
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after 24h in the secretome supplemented medium, the cell size of most 
NSCs tended to shift towards the large size, some measuring 15µm or 
larger in diameter. Cells also tended to form clusters as time in contact 
with SPC-secretome increased. Cells then started to die.

 Cell measurements were performed at 0, 10h, 33h and 43h. We 
performed measurements of the two NSCs sub-populations on cells 
prior to adding the SPC-secretome. Naïve cells remained at their orig-
inal size they displayed at the beginning of the study

 Forty-three hours after these naïve NSCs were incubated in just 
culture medium, the same cells received NSCs-SPC secretome in a 
ratio 2:1 (2 part of culture medium and 1 part of SPC-NSCs secretome 
V:V. To differentiate naïve NSCs from “ground Control” from SPC-
flown cells, we labeled naïve NSCs or N-NSCs + SPC-secretome. 
Two-way ANOVA with repeated measures on both 3 time points and 
2 treatments (1G/1G NSC+SPC). 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 (Figure 
12).

Discussion
Does simulated microgravity equate SPC-µG?

 Here we report significant quantitative data showing that NSCs 
proliferated more in both, sim-µG and SPC-µG, when compared to 
NSCs grown in Earth gravity. This result confirms our previous work 
where we reported that sim-µG produced by a 3-D clinostat increased 
the proliferation rate of rodent and human NSCs and OLPs, respec-
tively [9,12]. Therefore, in terms of cell proliferation we conclude 
that sim-µG and SPC-µG exert the same type of effect. Nonetheless,  

the influence of microgravity produced by clino-rotation on NSCs 
subpopulations was categorized by us into small and large subpopu-
lations and yielded significant differences in terms of numbers across 
the two subpopulations, but not in terms of the type of effect. Our data 
is significant in showing that the clino-rotation method of µG simu-
lation gives rise to an increased number of NSCs falling in the ‘large’ 
(55%) cell diameter group, compared to the 1G-control group which 
contained only 28% of large NSCs. Moreover, in NSCs exposed to 
SPC-µG, the proportion of ‘large’ diameter cells was significantly 
greater than control NSCs where 81% of the cells were in the large 
category with a diameter over 10µm. Therefore, it appears as if SPC-
µG exerts a stronger effect on NSCs than clino-rotation. Nonetheless, 
it is important to note that NSCs were exposed to sim-µG for 72h 
while NSCs flown onto space were in microgravity for 39.3 days.  
More studies would be necessary to elucidate whether the length of 
exposure to either type of microgravity was a definitive determinant 
on the data generated as this cannot be affirmed at the present time.  
In terms of cell proliferation our data demonstrated that both sim-µG 
and SPC-µG increased NSCs proliferation when compared to their 
respective controls.

Identification of the origin of intracranial hypertension, a 
potential health risk in space exploration

 Although at the present time with our data it is not possible to 
determine if these significant changes have major health implications 
in astronauts, we can affirm that at least for one cell population in 
the brain i.e., NSCs, there is a total increase of volume under SPC-
µG, because more (31%) of the total NSCs population acquired the 
large-phenotype after space flight, resulting in a total of 81% large 
cells for the SPC condition, compared to 49% large for 1G control 
cells. Therefore, taken together, a higher number of SPC-flown NSCs 
that with time acquired the large phenotype may be contributing to  

Figure 11: 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 secre-
tome from SPC-flown NSCs (Figure 7). Subsequently, starting at 43h cells 
were treated with the supernatant (secretome) of SPC-flown NSCs. A) 
View of these cells the moment the secretome was added to the cultures. 
Most if not all cells displayed three or more cell processes. B) 10h after 
adding the secretome a few cells started to look enlarged, examples are 
shown in yellow and where the bar measures 15µm. C) After 24h in space 
secretome some cells looked even larger, some had clustered and were 
losing cell processes. D) After 30h treatment, cells had enlarged consider-
ably; examples are shown in yellow circles. E) Clustered and single cells 
looked unhealthy and extremely enlarged, some have started to die (white 
circles), and smaller cells formed rows. Many had lost their cell processes. 
F) Shows a cell at time 0 which had four strong cell processes that were 
in contact with surrounding cells. A thinner cell process also tended to 
contact another neighboring cell. G) Inset view of cells 24h after addition 
of SPC-secretome, these cells had started to lose their processes as shown 
by thin yellow arrows.

Figure 12: We observed that, as expected, Naïve 427 NSCs proliferated 
as a function of time (blue 428 dots). After adding the secretome from 
SPC-flown 429 NSCs, they proliferated even more, and these 430 dif-
ferences were significant (black dots). Data 431 Analysis was performed 
with two-way ANOVA 432 followed by Sidak’s multiple comparisons test 
in 433 which *p< 0.05 was defined as statistically 434 significant. *p< 
0.0026; **p< 0.0030; ***p< 0.0017. 435 Data represent three separate 
experiments 436 reported as ± SD.
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intracranial hypertension in astronauts during and after space flight. 
Data from the 3D-clinostat showed similar results but to a lesser ex-
tent where the net total increase was 27%.

The neural stem cell secretome produced in microgravity: 
is it beneficial or deleterious?

 Models of cell replacement therapies for the CNS via NSCs graft-
ing have been found beneficial not just because they may provide 
a missing or damaged cell type to the host, but in many cases, it is 
due to the molecules they secrete [15]. Therefore, the regenerative 
properties of the NSC secretome are being widely studied aiming at 
the identification of NSC-secreted factors to be used for neural re-
generation and repair. All such studies have been performed on Earth 
in 1G. Here, we continue to build the knowledge on the effects of 
SPC-flown NSCs-secretome on naïve human embryo-derived NSCs. 
To our surprise, SPC-NSCs secretome, appears to be deleterious to 
naïve NSCs grown in 1G. Treatment with SPC-produced secretome 
resulted on enlargement of Earth-generated naïve NSCs, leading to 
hypertrophic cell body and in many cases death after 43 hours. In the 
same naïve-NSCs cultures the small cell population appeared to have 
survived such toxic effects. They formed chains of single cells but 
they either were devoid of cell processes or limited to a bipolar mor-
phology, reminiscent of more primitive neural progenitors. The char-
acterization of SPC-flown secretome, is currently being performed in 
our laboratory.

Cell memory and epigenetic changes

 It has been reported that microgravity induces cellular and molec-
ular “adaptations” including changes in the genome, the epigenome, 
and the proteome, among others [16]. One of six fundamental mo-
lecular and cellular features of space flight is epigenetics and gene 
regulation changes, many of which were discovered in the study of 
Scott Kelly’s yearlong stay onboard the ISS [14]. Yet, many of these 
changes reverted upon return to Earth [17]. Nonetheless, neither the 
intracranial hypertension nor the Neuro-ocular Syndrome revert upon 
astronauts’ return to Earth [6,7]. Our data derives from NSCs flown to 
space or NSCs cultured in sim-µG, however, they were studied after 
their exposure to microgravity. Therefore, our results indicate that mi-
crogravity exposed NSCs “remembered” having been in microgravity 
even though the study was performed in Earth gravity. Studies to as-
certain which mechanism(s) are responsible for the changes reported 
here are of the essence. Nonetheless, we can hypothesize that changes 
in chromatin topography may be related to this phenomenon. Other 
studies using sorted cells or single cell experiments have shown dif-
ferences in chromatin accessibility when comparing before and after 
space flight [18,19].

Conclusion

 Neural stem cells are the focus of a large and growing field of 
research due to their unique and important capabilities involved with 
regeneration of neurons and glial cells. Here, we have investigated 
the impact of SPC-µG on NSCs and its differences with an alternate 
method of microgravity on Earth by using sim-µG produced by a 
3D-clinostat. We have learned that NSCs display plasticity that allows 
them to adapt to weightlessness even when deprived of their niche 
and one of these changes is cell size. An effect is observed in both mi-
crogravity conditions that differ from the 1G control cells. Moreover, 
the effect of sim-µG on cell diameter shows the same tendency.

 This study is meaningful to astronauts’ health because it proves 
for the first time that both types of microgravity, sim-µG and SPC-
µG, increase the proportion of “large” NSCs. This subpopulation shift 
indicates that the changes caused by microgravity are permanent rath-
er than transient because this study was performed after either space 
flight or clinostat exposure. Moreover, both types of microgravity 
increased the proliferation of NSCs compared to GC cells, support-
ing our hypothesis that microgravity generates more cells than Earth 
gravity.

 While our resources for the present study did not allow us to as-
certain in depth the possible cause for cell soma enlargement, it is 
known that normal morphology and physiology of cells depend in 
part on their cytoskeleton, whose components include actin, micro-
tubules and intermediate filaments [20]. Cells under microgravity in-
fluence, display changes where the microtubules are shortened and 
curved. Less actin fibers but more condensed intermediate filaments 
are observed. It has been reported that mechanical unloading (i.e., mi-
crogravity exposure), affects normal human fibroblasts, resulting on 
changes in cell size, volume, morphology and adhesion features [21]. 
Similar changes have been reported for human macrophages [22]. 
Microgravity also influences bone-cell changes including a reduction 
of both transcription and translation of cytoskeleton and cytoskele-
ton-associated proteins, as well as decrease in focal adhesion which 
together lead to osteoclasts resorption pit formation [23,24].

 Examples of alterations in response to microgravity such as via-
bility, cell adhesion proliferation and migration in hematopoietic cells 
and thyroid cancer cells, have also been reported [25,26]. Simulated 
microgravity suppresses invasion and migration of human glioblasto-
ma U87 cells [27]. Therefore, there is an array of possible responses 
to microgravity depending on the cell type and its condition i.e., nor-
mal or malignant that need to be characterized. Understanding the 
effects of microgravity on neural cells, particularly NSCs, will facili-
tate the design of measures to ensure astronauts’ health and safety on 
longer space missions and whilst at the International Space Station 
(ISS), and beyond.
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