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ABSTRACT 

 In spaceflight experiments, model organisms 
are used to assess the effects of microgravity on 
specific biological systems. In many cases, only 
one biological system is of interest to the Principal 
Investigator. To maximize the scientific return of 
experiments, the remaining spaceflight tissue is 
categorized, documented, and stored in the 
biobank at NASA Ames Research Center, which 
is maintained by the Ames Life Science Data 
Archive (ALSDA). The purpose of this study is to 
evaluate the state of a sample set of tissues from 
the ALSDA biobank. Garnering information – 
such as downstream functional analysis for the 
generation of omics datasets – from tissues is, in 
part, dependent on the state of sample 
preservation. RNA integrity number (RIN) values 
have been calculated for rodent liver tissues that 
were part of scientific payloads returned from the 
International Space Station (ISS). Rat livers from 

Spacelab Life Sciences 1 (SLS-1) and mouse 
livers from Commercial Biomedical Test Module 
3 (CBTM-3), Rodent Research 1 (RR1), and 
Rodent Research 3 (RR3) were tested. It was 
found that mean RIN values from CBTM-3, RR1, 
and RR3 were suitable for downstream functional 
analysis (RIN > 5) while the mean RIN value for 
SLS-1 was not (RIN = 2.5 ± 0.1). Information 
from this study lays the foundation for future 
efforts in determining the types of assays that are 
most appropriate for different tissues in the 
ALSDA biobank and similar preservation 
facilities, which would aid in shaping the design 
of experiments.  

INTRODUCTION 

Tissues in the ALSDA biobank originate from 
scientific payloads that have been returned from 
the International Space Station. These payloads 
provide invaluable insight on the changes in 
biological systems in the spaceflight environment. 
The ability to obtain maximal information from 
these tissues is essential, given their rarity and the 
high cost associated with sending organisms to the 
ISS. 

The ALSDA biobank holds thousands of 
spaceflight biospecimens that vary in tissue type, 
organ, and animal model. The dissection 
procedures, fixatives, age, and specimen 
containers are other examples of storage variation. 
For this study, RNA was extracted from rodent 
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livers that have been continuously stored in -80ºC 
freezers after the date of collection. There were no 
organs from a single species that spanned across 
time. However, this study focused on the ability to 
garner information from tissues regardless of the 
species, and elucidates the effect of time and 
storage. 

To quantify tissue integrity, RIN values were 
calculated. RNA integrity is an indicator of the 
ability to obtain gene expression data (Fleige and 
Pfaffl, 2006) and downstream functional analysis, 
such as quantitative real-time PCR, micro-arrays, 
northern blot, in situ hybridization, and RNA 
mapping among other assays (Imbeaud et al., 
2005; Fleige and Pfaffl, 2006; Fleige et al., 2006; 
Koppelkamm et al., 2011). Historically, the ratio 
between 28S and 18S ribosomal RNA (rRNA) – 
as determined through electropherogram images – 
was used to determine RNA quality (Shroeder et 
al., 2006). However, this method was relatively 
inconsistent due to the subjectivity of human 
interpretation of electropherogram images. To 
overcome inconsistencies in determining RNA 
integrity, the RNA integrity number algorithm 
was developed (Imbeaud et al., 2006).  

MATERIALS AND METHODS 

Biospecimens 

Livers from Sprague Dawley adult rats and 
C57BL/6J mice from the NASA Ames Research 
Center ALSDA biobank were examined in this 
study. Table 1 describes the origins of these 
tissues and lists pertinent information that may 
have had an effect on the RNA quality, such as 
the dissection protocol or fixative (liquid nitrogen 
(LN2) or RNAlater) used for storage. As a positive 
control, fresh livers from C57BL/6J mice were 
used. Sample weights ranged from 11.4 mg to 
28.2 mg; tissues from RR1 were not weighed but 
were of the same relative size as all other tissues 
included. 

RNA Extraction 

RNA extractions for liver samples from SLS-
1 and RNAlater-preserved RR3 liver samples 
were performed by the ALSDA. NASA’s 
GeneLab had previously performed RNA 
extractions on CBTM-3, RR1, and RR3 livers 
preserved in LN2 for an unrelated study. Their 
data was provided to this study. All RNA 

extractions, done by the ALSDA and GeneLab, 
were performed in accordance with the QIAGEN 
DNA/RNA AllPrep Mini Handbook. Liquid 
nitrogen fixed livers were cut on dry ice and 
weighed quickly before being placed in sample 
vials containing pre-chilled nuclei lysis buffer 
from the AllPrep kits. Using chilled lysis buffer is 
standard practice in GeneLab RNA extractions 
from frozen samples as it had been found in an in-
house protocol optimization study to yield the 
highest concentration of RNA. For consistency, 
chilled lysis buffer was used on all RNA 
extractions, including the positive control.   

Cryovials with samples fixed in RNAlater 
were thawed on ice to free the liver specimens 
from the frozen RNAlater before being cut and 
weighed. The weights of each liver sample 
processed in this study ranged from 20-26 mg. 
After weighing, liver samples were placed in a 
nuclei lysis buffer and homogenized with a 
handheld homogenizer. Each lysate was pipetted 
into a DNA spin column for initial filtration and 
washing. The flow through from each DNA spin 
column was then filtered through an RNA spin 
column and washed with AllPrep buffers. RNA 
was eluted using RNase free water. 

RNA Integrity Number (RIN) Value 
Determination 

All RIN values, calculated by the ALSDA and 
GeneLab, were determined using the Agilent 
Bioanalyzer 2100 system; SLS-1, CBTM-3, and 
RR3 samples were run using RNA nano kits and 
preparation protocol. RR1 samples were run using 
RNA pico kits and preparation protocol. RNA 
nano chips and RNA pico chips held twelve and 
eleven samples, respectively. Each chip was 
loaded with a gel-dye mix, with a sample or 
reference ladder, and RNA marker. RNA 
concentrations of all extracts were within the 
quantitative range for analysis: 25 to 500 ng/µl. 
Chips were analyzed using the Agilent 
Bioanalyzer software. RIN values were calculated 
by the Agilent software, which used 
electropherogram results to perform the algorithm. 
RIN values for SLS-1 and RR3 RNAlater-
preserved liver samples were determined by the 
ALSDA. All other data was provided courtesy of 
GeneLab, which followed the same described 
protocol. 
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Table 1.  Tissues and protocols used in experimental study. 

Year Experimental 
Groups Payload Animal

Model 
Storage 

Container Fixative Dissection Protocol 

1991 Ground (N=4) SLS-1 Rat Foil LN2

Rats were dissected upon shuttle return. 
Rats were sacrificed by decapitation, then 
dissected immediately. Livers were 
removed, placed on tinfoil, and frozen on 
dry ice immediately. 

2011 
Ground (N=3) 
Flight (N=3) 
Basal (N=3) 

CBTM-3 Mouse Cryovial LN2

Mice were sacrificed by 4% isoflurane 
inhalation and dissected within 3-5.5 hours 
after shuttle landing and snap-frozen in 
liquid nitrogen. 

2014 Ground (N=5)
Flight (N=5) RR1 Mouse Cryovial LN2

Mice were sacrificed on board the ISS, 
then frozen at -80ºC. Mouse carcasses 
were taken from -80ºC freezer and thawed 
at room temperature for approximately 20 
minutes. Livers were taken and either 
snap-frozen in LN2 or placed into cryovials 
with RNAlater. 

2016 Ground (N=6)
Flight (N=6) RR3 Mouse Cryovial LN2 

Mice were sacrificed on board the ISS, 
then frozen at -80ºC. Mouse carcasses 
were taken from -80ºC freezer and thawed 
at room temperature for approximately 20 
minutes. Livers were taken and either 
snap-frozen in LN2 or placed into cryovials 
with RNAlater. 

2016 Ground (N=4)
Flight (N=4) RR3 Mouse Cryovial RNAlater 

Mice were sacrificed  on board the ISS, 
then frozen at -80ºC. Mouse carcasses 
were taken from -80ºC freezer and thawed 
at room temperature for approximately 20 
minutes. Livers were taken and either 
snap-frozen in LN2 or placed into cryovials 
with RNAlater. 

Statistical Analysis 

All statistical analyses were performed using 
Prism 6.07 software analysis tools (GraphPad 
Software, Incorporated). Data were divided by 
payload for a total of five groups, which included 
a positive control. One-way analysis of variance 
(ANOVA) was used to determine if there were a 
significant difference in mean RIN values 
between one or more groups within a 99% 
confidence interval. Since the payload groups had 
different sample sizes, Tukey’s Multiple 
Comparison Test was used to determine 
significance between groups within a 99% 

confidence interval. To compare mean RIN values 
of the liquid nitrogen and RNAlater fixed tissues 
from RR3, a two-tailed, unpaired t-test with 
Welch’s correction was conducted since the two 
fixative groups had unequal sample sizes; 
significance was determined within a 95% 
confidence interval.  

RESULTS 

RIN Values by Payload 

Mean RIN values for each payload were 
calculated. RIN values for each treatment group – 
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ground, flight, and basal level expressions of 
genes of interest, when available – were combined 
to calculate a payload mean. Figure 1 shows these 
values plotted against time. SLS-1, the oldest 

payload, had the lowest mean RIN value. The 
highest mean RIN value was from CBTM-3. 
Mean RIN values from CBTM-3, RR1, and RR3 
were all above 7. 

Figure 1. Quantitative temporal comparison of RNA integrity number (RIN) values of rodent liver tissue 
samples from scientific payloads returned from the International Space Station from 1991 to 2016. Error 
bars represent standard error of the mean.  Significance within a 99% confidence interval was determined 
using Tukey’s Multiple Comparisons Test.  Significant difference from all (p < 0.01); significance from 
Spacelab Life Sciences 1 (SLS-1), Rodent Research 1 (RR1), and Rodent Research 3 (RR3) (p < 0.01); and 
significance from SLS-1, Commercial Biomedical Test Module 3 (CBTM-3), and the control (p < 0.01) is 
indicated by the symbols ¥, †, and ‡, respectively.  The sample sizes for SLS-1, CBTM-3, RR1, RR3, and 
control tissues are n = 4, n = 9, n = 10, n = 20, and n = 12, respectively. 

RIN values in Figure 1 were calculated as a 
quantitative measurement of RNA degradation. 
As a qualitative analysis, Agilent Bioanalyzer 

generated gel electrophoresis results were 
examined. Figure 2 depicts these 
electropherograms.  Each lane is representative of 
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its respective payload. RNA degradation is 
visualized through the number and location of 
each band. SLS-1 had the most degraded RNA. 
RNA from CBTM-3 appears the least degraded. 

However, CBTM-3, RR1, and RR3 all had gel 
lanes that depict minimally degraded RNA when 
compared to the positive control lane. 

Figure 2. Qualitative temporal comparison of RNA depicting the overall quality of each extraction protocol 
generated using the Agilent Bioanalyzer 2100 System. Extractions were derived from the Spacelab Life 
Sciences 1 (SLS-1), Commercial Biomedical Test Module 3 (CBTM-3, Rodent Research 1 (RR1), and Rodent 
Research 3 (RR3) and control tissue. 

RIN Values by Treatment Group 

 RIN values were calculated for each treatment 
group within each payload. Treatment groups 
consisted of flight, ground, and basal level 

expressions of genes of interest. SLS-1 had no 
flight samples available. Figure 3 shows the 
comparison of RIN values between payloads by 
treatment group. Error bars represent the standard 
error of the mean. There was no significant 
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difference between treatment group RIN values 
within a payload, which was concluded as all 
mean RIN values compared were within the 
standard error of the mean. 

RIN Values by Fixative 

Comparisons were drawn between sample 
preservation conditions. The tissues from RR3 
were fixed in either liquid nitrogen (LN2) or 
RNAlater. For both cases, the liver tissues were 

stored in cryovials after fixation and kept at -80ºC. 
In Figure 4, these two conditions are compared; 
mean RIN values were determined for each 
fixative condition. Error bars represent the 
standard error of the mean. RNAlater preserved 
livers had a higher mean RIN value after one year 
in -80ºC storage. However, both values are 
suitable for downstream functional analyses (RIN 
> 5). 

Figure 3.  RIN comparison between payloads by treatment group.  Payloads divided into subgroups 
by treatment type – ground, flight, and basal – when applicable.  There was no significant 
difference between treatment groups within any payload. In each subgroup, the payloads SLS-1, 
CBTM-3, RR1, and RR3 had sample sizes of n = 4, n = 3, n = 5, and n = 10, respectively. 
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Figure 4.  Mean RIN values of RR3 livers compared between fixative methods.  Error bars represent SEM 
and the asterisk indicates a significant difference (p < 0.05, two-tailed t-test with Welch’s Correction). For the 
liquid nitrogen fixed group and the RNAlater fixed group, the sample sizes were n = 12 and n = 8, 
respectively. 

DISCUSSION 

Duration of Storage and Storage Methods May 
Affect RIN Values 

Livers from payload SLS-1 (1991) had the 
lowest mean RIN value, as shown in Figure 1. 
This could be the result of several factors, which 
are discussed in Table 1. Tissues from this 
payload were stored in tin foil and frozen on dry 
ice immediately after rodents were sacrificed. The 
tin foil may not have been free of RNases or may 
not have protected the tissues sufficiently from 
contamination while in storage. The dissection 
protocol did not specify if the tin foil had been 
cleaned with an RNase decontaminating solution. 
Additionally, given that these tissues were the 
oldest samples and tested after being in storage for 
twenty-six years, the age and duration of storage 
may have affected the RIN values. Since there are 

several variables that could have contributed to 
RNA degradation, a primary cause cannot be 
stated definitively. 

Payloads CBTM-3, RR1, and RR3 all had 
mean RIN values that were within a workable 
range for downstream functional analysis such as 
RNA-seq expression analysis, transcript analysis, 
or variant identification (Zeng and Mortazavi, 
2012). The initial dates of storage for CBTM-3, 
RR1, and RR3 tissues are 2011, 2014, and 2016, 
respectively. Although there is a five year 
difference in storage from CBTM-3 to RR3, the 
mean RIN values do not differ greatly. Since there 
are several variables that could have contributed 
to these RIN values, a primary cause cannot be 
stated definitively. All liver tissues from these 
three payloads were stored in cryovials, which 
may have contributed to their increased RIN 
values when compared with SLS-1 tissues. 
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CBTM-3 and RR1 tissues were fixed in LN2. RR3 
tissues were fixed in either LN2 or RNAlater.  

Tissue Fixatives Appear to Influence RIN 

Since RR3 tissues were fixed in either LN2 or 
RNAlater after undergoing the same dissection 
protocol, the effect of fixatives could be 
examined. Figure 4 suggests that fixatives seem to 
have had an effect on RIN values. After reviewing 
the dissection protocols of these tissues, the only 
variation appears to be in their fixative; therefore, 
the difference in RIN can be attributed to the 
fixative used. After one year in -80ºC storage, 
RNAlater fixed liver tissues had a higher mean 
RIN value than those that were snap frozen. Our 
analysis revealed the difference was statistically 
different (p = 0.0269, 95% confidence interval).  

Treatment Group Did Not Affect RIN 

The treatment group – flight, ground, or basal 
– did not affect RIN values, as shown in Figure 3.
This could be because, despite being from 
different treatment groups, rats and mice from an 
individual payload underwent the same dissection 
protocol and were stored for the same period of 
time. In this case, the treatment group did not 
affect the ability to garner information from 
tissues, although the treatment group may affect 
the information itself.  

Significance 

The significance of this study is to provide 
temporal insight into the integrity of tissues held 
in -80ºC storage. RIN values provide a 
quantitative indicator of the degree of degradation 
of RNA. Intact RNA is needed for RNA-seq 
(Wang et al., 2016), real-time PCR (Schroeder et 
al., 2006; Fleige et al., 2006), DNA microarray 
and reverse transcriptase PCR (Salazar et al., 
2013), and northern blot analysis (Fleige and 
Pfaffl, 2006; Koppelkamm et al., 2011) among 
other tests. Measuring gene expression can be 
done via real-time PCR; therefore, the integrity of 
RNA can have an impact on the ability to 
determine gene expression profiles. Degraded 
RNA can also affect microRNA analyses 
(Ibberson et al., 2009).  

Although RNA integrity is essential for many 
assays, degraded RNA has been used for qPCR 
(Imbeaud et al. 2005). Tissue samples with low 
RIN values had relative gene expression profiles 

that were comparable. If RIN values were low 
among all samples, the gene expression profiles 
were valid (Gallego Romero et al., 2014; Imbeaud 
et al., 2005). When RIN values among samples 
varied, the results declined in quality (Imbeaud et 
al., 2005). Gene expression profiles can be built if 
the RIN values are noted and taken into 
consideration (Imbeaud et al. 2005; Sigurgeirsson 
et al., 2014). Gene expression data and 
downstream functional analyses are especially 
popular with spaceflight tissue samples because of 
the large amounts of data that can be generated 
from relatively small tissue samples. Gathering 
genomics and other omics data sets can be used 
for data mining to compare complex biological 
conditions and pathways (Lee et al., 2008).   

Although RIN values are not an all-
encompassing analysis of tissue integrity, the 
method is especially useful for tissues that are 
unique or of limited quantity, much like the 
tissues used in this study (Fleige and Pfaffl, 2006). 
With larger sets of tissue samples, histological 
staining could also be used to assess tissue 
integrity. However, histological staining methods 
can significantly affect the integrity of RNA 
(Wang et al., 2006). With compromised RNA, the 
genomic and downstream functional analysis 
methods listed previously would be difficult or 
impossible to conduct.  

RIN values were shown to differ between 
biospecimens held in ALSDA freezers. These 
difference in RIN values could be attributed to the 
age, storage method, and fixative used on these 
tissues. Additional work should be done to expand 
this study to other organ types and animal models. 
Assessing the RIN value provided a glimpse into 
the current state of the biospecimens stored by the 
ALSDA. This knowledge is a foundation for 
future studies that can aid Principal Investigators 
in their assay and biospecimen selection.  

Additional Work 

Other organs should be evaluated to assess the 
difference in RIN values between tissue types. 
Including additional biological systems and model 
organisms will build a more robust guide for 
experimental designs of future Principal 
Investigators using these tissues. Results from this 
study show that the fixative used to preserve a 
tissue may have an effect on the RIN value, even 
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after only one year in storage. Additional tests 
should be run to compare RNAlater and LN2 
preserved tissues across other tissue types and 
ages.  

Work should also be done to examine if there 
are temporal effects on metabolomics and 
proteomics data. The Biospecimen Sharing 
Program aims to provide a variety of tissue 
samples to researchers. This work could help 
determine the most appropriate tissue – be it age, 
fixative, tissue type, etc. – for research proposals. 
In addition to omics data, these tissues could be 
useful for other applications such as 
histopathological studies to determine tissue 
morphology. Macro and micro structures of 
tissues could be studied to determine the effects of 
spaceflight on tissue health, structure, and disease 
manifestation, among other applications.  
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