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Abstract The results of experiments performed in recent years on board facilities such as the Space Shuttle/
Spacelab have demonstrated that many cell systems, ranging from simple bacteria to mammalian cells, are sensitive to
the microgravity environment, suggesting gravity affects fundamental cellular processes. However, performing well-
controlled experiments aboard spacecraft offers unique challenges to the cell biologist. Although systems such as the
European ‘Biorack’ provide generic experiment facilities including an incubator, on-board 1-g reference centrifuge, and
contained area for manipulations, the experimenter must still establish a system for performing cell culture experiments
that is compatible with the constraints of spaceflight. Two different cell culture kits developed by the French Space
Agency, CNES, were recently used to perform a series of experiments during four flights of the ‘Biorack* facility aboard
the Space Shuttle. The first unit, Generic Cell Activation Kit 1 (GCAK-1), contains six separate culture units per cassette,
each consisting of a culture chamber, activator chamber, filtration system (permitting separation of cells from
supernatent in-flight), injection port, and supernatent collection chamber. The second unit (GCAK-2) also contains six
separate culture units, including a culture, activator, and fixation chambers. Both hardware units permit relatively
complex cell culture manipulations without extensive use of spacecraft resources (crew time, volume, mass, power), or
the need for excessive safety measures. Possible operations include stimulation of cultures with activators, separation of
cells from supernatent, fixation/lysis, manipulation of radiolabelled reagents, and medium exchange. Investigations
performed aboard the Space Shuttle in six different experiments used Jurkat, purified T-cells or U937 cells, the results of
which are reported separately. We report here the behaviour of Jurkat and U937 cells in the GCAK hardware in ground-
based investigations simulating the conditions expected in the flight experiment. Several parameters including cell
concentration, time between cell loading and activation, and storage temperature on cell survival were examined to
characterise cell response and optimise the experiments to be flown aboard the Space Shuttle. Results indicate that the
objectives of the experiments could be met with delays up to 5 days between cell loading into the hardware and initial in
flight experiment activation, without the need for medium exchange. Experiment hardware of this kind, which is
adaptable to a wide range of cell types and can be easily interfaced to different spacecraft facilities, offers the possibility
for a wide range of experimenters successfully and easily to utilise future flight opportunities. J. Cell. Biochem.
70:252-267,1998.  © 1998 Wiley-Liss, Inc.
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the last three decades, particularly aboard the
U.S. Space Shuttle, strongly suggest that mam-
malian cell function is altered in microgravity
[reviewed in Cogoli and Gmunder, 1991; Moore
and Cogoli, 1996; Hatton et al., 1997]. Observed
alterations in cells exposed to microgravity com-
pared to cells under terrestrial 1.g conditions
include decreased proliferation and sensitivity
to mitogens in peripheral human lymphocytes
[Cogoli et al., 1984, 1993], reduced cytokine
synthesis in human T-cell and monocyte cell
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lines [Limouse et al., 1991], reduced early imme-
diate gene expression in a human epidermal
carcinoma cell line [De Groot et al., 1991], and a
gravidependant localisation of Protein Kinase
C in a human monocyte and T-cell line [Schmitt
etal., 1996].

Despite significant progress in this field in
recent years, performing cell culture experi-
ments in space still poses unique problems. An
experiment on board an orbiting spacecraft is
subject to a number of constraints, which re-
quires the design of specific hardware to per-
form the experiment. The mass, volume, and
power requirements of the experiment are of-
ten limited, requiring miniaturisation of the
hardware, which may limit experiment sample
volume and/or number of replicates. On Space
Shuttle missions, the experiment is generally
only a small component of the payload. Hence
both preflight crew training time and in-flight
crew time available to perform experiment ma-
nipulations are usually limited. Therefore, the
experiment must be designed for simple opera-
tion, with the possibility of incorrect operation
minimised. Additionally, safety is a critical is-
sue on any human space flight, so the design of
experiments must ensure that the contents of
the hardware will not escape into the space-
craft cabin under any circumstances. This is
usually achieved by two or three levels of con-
tainment, where the contents of the experiment
are isolated from the crew by successive contain-
ers or enclosures such as a glovebox.

The general requirements of many different
mammalian cell biology experiments performed
aboard orbiting spacecraft are similar. Com-
mon requirements include a controlled tempera-
ture (i.e., 37°C*0.5°C), electrical power or data
connections, and a contained area for experi-
ment manipulations. Additionally it is desir-
able to have an on-board centrifuge to provide
an in-flight 1.g control, so that the effects of
microgravity can be differentiated from other
spaceflight factors, such as launch acceleration,
cosmic radiation, and spacecraft environmen-
tal conditions.

Many of these generic requirements can be
provided by multiuser, multipurpose experi-
ment facilities. A very successful example of
such a system is the European Space Agency
‘Biorack’ [Genzel and Mesland, 1988]. This is a
single rack unit that can interface with the
Spacelab or Spacehab pressurised modules,
which are accommodated in the Space Shuttle

payload bay. The Biorack consists of a number
of different elements, including two incubators
(usually running at 37°C and 22°C, respec-
tively), a glovebox, and a 4°C cooler and a -20°C
freezer. Individual experiments are designed to
be accommodated in either of two types of con-
tainer, which provide one level of containment
and an interface to the facility. The smaller
container (known as a Type-1) has dimensions
of 20.4x40.4x83 mm, whereas the larger Type-I1
container is 63.2x63.2x87 mm. Amodified Type-I
container with electrical connections permits
automated experiment operation and in-situ
data acquisition. Each incubator contains a rack
for Type | containers (microgravity experi-
ments) and two independent centrifuges (1g
control experiments) with slots for Type | con-
tainers. Additionally there are slots for Type 11
containers, although it is not possible to accom-
modate the larger containers on the centri-
fuges. A glovebox provides containment during
crew manipulations of the experiment. Biorack
has made six flights; three in the Spacelab
module (D-1, IML-1, IML-2) and three in the
Spacehab module during Shuttle-Mir docking
flights (S/MM-03, -05, -06). A total of 81 differ-
ent experiments were performed in Biorack
during these flights. A number of simplified
derivatives of the system based on the incubator/
centrifuge unit exist or are under development
including the automated ‘Biobox' for Biocosmos
[Demets, 1993] missions and the ‘BioPack' incu-
bator for the Shuttle middeck [Jack Van Loon,
unpublished communications].

Although the availability of generic space-
craft experiment facilities solves some of the
general problems of experimental control, the
experimenter generally has to develop experi-
ment specific hardware to interface with the
facility [Briarty, 1989]. The hardware must be
capable of performing the experimental investi-
gation successfully, within the operational and
safety constraints of the mission. As a result,
space experiment preparation is costly and time-
consuming, since materials specifications and
construction requirements are strict and the
prototype hardware must pass a number of
validation tests. A further problem is ensuring
that the experiment hardware is biocomptible
with the experimental material, requiring ex-
tensive testing and preparation experiments.

We present here the results of ground studies
performed in preparation for a series of experi-
ments flown aboard in the Biorack facility dur-
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ing four Space Shuttle flights using specially
designed experiment specific hardware known
as the Generic Cell Activation Kit (GCAK).
These experiments used Jurkat cells, purified
peripheral blood T cells, and U937 cells, all of
which are types of human leukocytes. The over-
all objective of the Shuttle experiments was to
examine the effect of microgravity on cell func-
tion, particularly signal transduction processes,
cytoskeleton dynamics, and growth activation.
The results of several of these experiments are
published elsewhere [Schmittetal., 1996; Lewis

Hatton et al.

et al., 1998). The objectives of each experiment,
cell types, and general protocol relevant to the
ground based data presented here are listed for
the six Shuttle experiments in Table 1.

The objectives of the ground-based studies
presented here were to determine how the vi-
ability and responsiveness to activation of the
cells varied under environmental conditions
likely to be encountered in the course of the
space experiments listed in Table I. Of primary
concern was the effect of culturing in a novel
multipurpose culture cassette and the effect of

TABLE I. Spaceflight Experiments Using GCAK Cassettes for Mammalian Cell Culture
Experiments in the ESA Biorack Facility

Experiment
name and flight

Obijectives

Cell types

Protocol Parameters examined

Cytokine IML-2
(6/94) Schmitt
etal., 1996

Phorbol IML-2
(6/94) Schmitt
etal., 1996

Phorbol
S/MM-03

Examine cytokine syn-
thesis in response to
phorbol ester stimula-
tion.

Examine subcellular
localisation and
amount of Protein
Kinase C (PKC).

Examine translocation
and amount of PKC

Jurkat, U937

Jurkat, U937

U937, T cells

1 day storage at ambient
temperature; 8 h at
37°C before stimula-
tion with phorbol
esters, cells frozen 15 h
later.

1 day storage at ambient
temperature; 8 h at
37°C before stimula-
tion with radiolabelled
phorbol ester, samples
frozen 1 h later.

4-day storage at ambient
temperature; 15 h at

IL-1B and TNF-a in
U937 cells.

IL-2 in Jurkat, D-Glu-
cose utilisation.

Subcellular localisation
of PKC with radiola-
belled phorbol ester
DNA concentration.

U937 cells: Subcellular
localisation of PKC

(3/96) Hatton
etal. (in prep.)

isoforms.

37°C before stimula-
tion with radiolabelled
phorbol ester (U937).
Samples frozen at 0,

with radiolabelled
phorbol ester DNA
concentration, T-cells:
PKC isoforms, DNA

T-Cell SMM-03  Examine cytoskeleton  Jurkat
(3/96) Lewis et organisation.
al. (1998)

Isozyme Examine PKC isoform U937, T cells
S/IMM-05 translocation in
(2/97) response to a range of

agonists.

Cytokine Examine early imme- U937, T cells
S/IMM-06 diate gene expression,
(5/97) cytokine synthesis,

and PKC/cytoskeleton
colocalisation.

10, and 60 min after concentration.
stimulation.

36 h storage at ambient
temperature, then 15 h
at 37°C. Cells stimu-
lated with serum and
samples fixed at 4 h
and 48 h after stimula-
tion.

36 h storage at ambient
temperature, then 15 h
at 37°C. Cells stimu-
lated and samples
frozen at 0, 10, and 60
min after stimulation.

3-day storage at ambient
temperature, then 15 h
at 37°C. Cells stimu-
lated and fixed 1 h or 8
h later.

Microtubule organisa-
tion.
Cell number.

PKC isoforms in subcel-
lular fractions.
DNA concentration.

U937 cells: various
mRNAs, cytokines. T
cells: microtubule and
PKC localisation by
fluorescence micros-

copy
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a lengthy prelaunch storage at a temperature
other than 37°C. The results of this study should
provide a useful example of the solutions to the
many problems inherent in performing cell biol-
ogy experiments on board spacecraft.

MATERIALS AND METHODS

Generic Cell Activation Kit ‘1* and ‘2* Cassettes
(GCAK-1 and GCAK-2)

The GCAK cassettes are compact units for
performing short-term experiments involving
activation of cells in liquid culture aboard
manned spacecraft. Both units were originally
designed for use in the Biorack experiment
system and are enclosed in a Biorack Type |
container (Fig. 1). The cassettes were con-
structed by Comat (Toulouse, France) under a
contract with the French Space Agency, CNES.
Both GCAK cassettes consist of a polycarbon-
ate block with drilled-out chambers for internal
components. Each cassette comprises six inde-
pendent culture chambers, which are enclosed
by a silicon piston assembly. The culture cham-
ber can be connected or isolated from daughter
chambers (containing activator or fixative) by a
stainless steel vane that has internal conduit.
Experiment manipulations are performed by
turning vanes to connect or isolate the indi-
vidual chambers and by pushing the pistons to
displace fluid from chamber to chamber. A spe-
cial key and tool are used for these operations,
enabling simultaneous or individual operation
of the culture units. Piston ports and vanes are
colour coded to indicate the sequence of experi-
ment manipulations. The simplicity of cassette
operations ensures that experiment manipula-
tions can be performed rapidly with minimal
risk of error and without the requirement for
excessive resources.

The GCAK-2 cassette was used in four space-
flight experiments and consists of a cell culture
chamber (500 pl initial volume) and two daugh-
ter activator/fixative chambers (150 ul). The
GCAK-1 cassette was also used in four experi-
ments and permits filtration of cells from super-
natent. The cassette consists of two blocks, the
first of which contains a 500 pl initial volume
culture chamber and a 120 pl activator cham-
ber separated by a vane. Filtration is per-
formed by depressing the culture chamber pis-
ton forcing the culture medium through a low
shear filter unit in between the two blocks.
Supernatent is received in an empty chamber
in the second block, whereas cells collect in the

filter unit. A modified commercially available
multi-injector unit is used to inject liquid into
the cassette enabling resuspension of cells in
the culture unit (Socorex, Lausanne, Switzer-
land). In the IML-2 Cytokine experiment a cell
lysing solution was injected, whereas later ex-
periments involved sequential injections of fixa-
tive, cell filtration, and wash buffer. Addition-
ally, it is possible to use the same system for
in-flight medium exchange (liquid can be with-
drawn from the same port using a flight quali-
fied blood draw Kit) or introduction of experi-
mental samples, such as blood samples. Both
cassettes are designed to be autoclaved at 121°C
and can be frozen at -30°C for in-flight preserva-
tion of sensitive biochemical samples.

Culture Media

All cell lines were routinely sub cultured in
RPMI-1640 medium (Sigma-Aldrich, St. Louis,
MO) supplemented with 10% v/v fetal bovine
serum (Gibco, Paisley, UK), 1% v/v L-gluta-
mine, and 1% v/v penicillin, streptomycin, neo-
mycin (PSN) antibiotic mix (all supplements
from Gibco). Biorack does not provide a 5% CO,
atmosphere; therefore, for experiments in the
GCAK cassettes, the RPMI-1640 mix supple-
mented with 25 mM hepes, 12 mM sodium
bicarbonate, and 1 mM sodium pyruvate, all
from Sigma. These supplements replace the
requirement for atmospheric CO, by buffering
the medium and providing a source of soluble
bicarbonate. For some experiments, sodium py-
ruvate was omitted as indicated in the experi-
mental protocols detailed below. The S/MM-03
T-cell flight and preparation experiments with
Jurkat cells used a modified medium composi-
tion that consisted of RPMI-1640, supplemented
with 2 mM glutamine, 1 mM sodium pyruvate,
1 ml/200 ml of 100x nonessential amino acids,
100 units penicillin, 100 mg/ml streptomycin,
and 12.5 mM hepes buffer. Cells were prepared
and loaded into the cassettes in this medium
supplemented by 2% fetal bovine serum. Addi-
tional serum was added to the cells at transfer
to 37°C as indicated in the experimental proto-
col to increase the serum concentration to 10%.
All reagents were obtained from Sigma unless
otherwise stated.

Cells

The cell lines Jurkat JE 6.1, a human leuke-
mic lymphocyte line and the human leukemic
monocyte line, U937, were used in this study.
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Fig. 1. GCAK experiment cassettes. (a) The GCAK-1 cassette. An overall view of an individual cassette with the
multi-injector unit. (b) A cross section of the GCAK-1 cassette, showing culture chamber, activator chamber, filter,
injection port, supernatent receiving chambers, and vanes. (c) The GCAK-2 cassette, with tool to turn vane. (d) Cross
section of the GCAK-2 cassette, showing the culture, activator, and fixative chambers, along with vanes.
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Both cell types were unstimulated and undiffer-
entiated unless otherwise stated in the text.
The cell lines were obtained from the American
Cell Type Collection and were regularly checked
for mycoplasma contamination by a polymer-
ase chain reaction assay.

Peripheral blood T cells were purified from
human peripheral blood using a ficoll gradient

(Continued.)

centrifugation (Lymphocyte Separation Me-
dium, Gibco). After separation, the lympho-
cytes were washed twice in the supplemented
RPMI-1640 medium before being mixed with
magnetic beads coated with anti-CD14, CD-19,
and CD-56 antibodies (Dynal France, Com-
piegne, France) for 2x 30 min at 4°C with rota-
tion to remove monocytes, B cells, and natural
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killer cells. After purification, purified T cells
were resuspended at the concentration re-
quired for the experiment.

Experimental Investigation

Experiments were performed in both the
GCAK-1 and GCAK-2 units. The culture cham-
ber volume and material composition of both
cassette types are identical, so cell culture data
from one cassette type can be taken as represen-
tative for both cassette types. Time/tempera-
ture profiles were those projected for the
planned flight experiments. Several different
time/temperature profiles and experimental
protocols were tested in the preparation of the
flight experiments, corresponding to those of
each individual mission. Test conditions were
examined in triplicate unless otherwise indi-
cated. Each cassette chamber was loaded with
0.5 ml of cell suspension using an eppendorf
multi-injector and a 21G needle. The cassettes
were then placed in Type-l containers and re-
moved only for experimental manipulations or
sample recovery.

The following investigations were performed.
(1) Cell viability during storage in the cassettes
at 4°C and 24°C. These experiments simulated
the storage conditions in refrigerated (4°C) and
ambient stowage (24°C) on the Space Shuttle
middeck. Cells were loaded into GCAK-1 cas-
settes at initial concentrations of 1x108, 2x108,
or 4x10°% cells per ml. Triplicate samples were
recovered from the cassettes at 24 h intervals
following transfer of the cassettes to the incuba-
tor, up to 144 h after transfer. Each of the
triplicate samples was taken from a different
cassette and was subject to viable and total cell
counts (described below).

(2) Cell viability before and after transfer to
37°C for various mission time/temperature pro-
files. An initial test of the S/MM-03 PHORBOL
experiment temperature/time profile was made
with U937 cells in the GCAK-1. Cells were
loaded into the cassettes at an initial concentra-
tions of 1x108 cells /ml and stored for 96 h at 4°C
or 24°C before transfer to 37°C for 24 h. Total
and viable cell counts were made immediately
before transfer to 37°C and 15 h after transfer.
Additionally, 15 h after transfer to 37°C, the
cells were stimulated with 100 ng/ml Phorbol-
12,13-Dibutyrate (PDBu) during 6 h to induce
tumour necrosis factor alpha (TNF-a) synthesis
and secretion. After 6 h of stimulation with
PDBu, cell suspensions were harvested from

the cassette, centrifuge, and the supernatent
recovered for ELISA analysis of TNF-a.

Further experiments were performed with
U937 cells in different temperature time pro-
files simulating three different mission profiles
in the GCAK-2 cassettes; 24 h storage at 24°C
(simulated IML-2 mission profile), 72 h at 24°C
(simulated S/IMM-06 mission profile), and 96 h
at 24°C (simulated S/IMM-03 PHORBOL experi-
ment profile). Cassettes were to 37°C for 15 h
immediately after 24°C storage. Cells were
loaded into the cassettes at an initial concentra-
tion of 2x10°% cells /ml in the RPMI-1640 me-
dium specified above, except that sodium pyru-
vate was not added to the medium. Total and
viable cell counts were performed at the end of
24°C storage and 15 h after transfer to 37°C.
Cytofluorimetry was used to assess cell size and
shape at the same times as cell counts.

(3) SIMM-03 T-CELL experiment prepara-
tion with Jurkat cells.

The viability and glucose utilisation of Jur-
kat cells in GCAK-1 cassettes was examined in
preparation for the SIMM-03 T-CELL experi-
ment. An initial assessment of biocompatability
of the cassettes with the cells was performed by
comparing total and viable cell number in the
cassettes at 37°C with cultures in multiwells at
24 h, 48 h, and 72 h after cell loading. Similar
measurements, as well as an assessment of
D-glucose utilisation, were examined following
a protocol simulating that of the flight experi-
ment. Jurkat cells were incubated at 24°C for
36 h and then transferred to 37°C for 48 h. Cells
were stored up to transfer to 37°C in the RPMI-
1640 medium mix specified in the reagents list
with 2% serum. At transfer to 37°C, serum was
added to the culture medium to bring the con-
centration up to 10%. Samples were taken for
total and viable cell counts and glucose measure-
ments at 4 h and 48 h after transfer to 37°C.

Experiments to Determine Effect of Pyruvate
on Cell Viability

The effect of sodium pyruvate on U937 cell
viability was examined in a series of time/
temperature profile simulating typical condi-
tions for an experiment on the Space Shuttle,
using 2 ml sterile disposable syringes (Becton
Dickinson France, Le Pont de Claix, France) as
simple analogues of the culture conditions in
the cassette. U937 cells (0.5 ml) at 5x10° or
2x10°% cells/ml were loaded into each syringe.
Cells were prepared in RPMI1-1640 medium as
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specified above for experiments in the GCAK
cassettes, with or without 1 mM sodium pyru-
vate. Syringes loaded with cells were stored in
the dark for 0, 1, 2, 3 days at 24°C and then
transferred to 37°C for 18 h at the end of the
24°C storage period. Total cell number and cell
viability were assessed by trypan blue exclu-
sion, as described below, both before transfer to
37°C and at the end of 37°C incubation.

Cell Counts and Cytofluorimetric Analysis
of Cell Size and Shape

Viable and total cell counts were determined
from Trypan Blue exclusion counts under the
microscope using a heamocytometer. Two counts
of at least 200 cells were performed for each
sample in the cassettes. The initial viability of
the cells was determined before loading of the
cells into the cassettes. For some experiments
with the cell lines, size and morphology mea-
surements for individual cells were assessed
by a fluorescent antibody cell sorter system
(FACscan or FACSort, Becton Dickinson, San
Jose, CA). At least 10,000 cells were acquired in
the cytofluorimeter for each sample well.

Cytokine Immunoassays and D-Glucose
Enzymatic Assay

An enzyme-linked, immunosorbent immuno-
assay kit from Immunotech (Marseille, France)
was used to determine TNF-a concentrations in
the U937 cell sample supernatents. The glucose
concentration in culture medium from which
the cells were filtered was evaluated with a
Glucose Analyzer 2 (Beckman Instruments,
Brea, CA) using the reagents and protocol ac-
companying the Beckman glucose reagent
analysis kit. Data were expressed as the mean
of triplicate glucose analyser readings for me-
dium samples taken from each of the six repli-
cate cell culture chambers for each cassette.

3H-Phorbol Ester Labelling of Protein Kinase C
and PKC Translocation Kinetics

The 3H labelled form of the phorbol ester
Phorbol-12,13-Dibutyrate (3H-PDBu, Amer-
sham International, Little Chalfont, UK) was
used to both label and activate Protein kinase C
in U937 cells. 3H-PDBuU (125 pl) of 500 ng/ml (2
uUCi) was loaded into each activator chamber in
the GCAK-2 cassette, giving a final *H-PDBu
concentration of 100 ng/ml with the cells.
Samples were incubated in the cassettes either
for 15 h at 37°C or 96 h at 24°C, before transfer

to 37°C for 15 h, simulating the longest antici-
pated storage duration for an experiment aboard
a Shuttle Mir docking mission. After these incu-
bation periods, cells were stimulated with 3H-
PDBu for 0, 10, 20, 50, and 60 min in the
cassette at 37°C. Cell activation was stopped by
injection of an inhibitor solution that permeabi-
lises the cells, permitting examination of PKC
localisation in cytosolic and particulate frac-
tions of the cells (0.5 mg/ml digitonin, 50 mM
MOPS, PH7.2,180 mM NacCl, 5 mM NaF, 5 mM
EDTA, 10 mM EGTA, 2 mM phenylmethylsulfo-
nyl fluoride, 1 mM Na3MoO4, 10 uM 3-methyl-
aspartic acid, 10 pg/ml soybean trypsin inhibi-
tor, all reagents obtained from Sigma). Samples
were frozen until subsequent analysis. Particu-
late and cytosolic fractions were separated by
ultracentrifugation. Unbound 3H-PDBU was re-
moved by washing through GF/B glass fibre
filters (Whatman, Maidstone, UK). Radioactiv-
ity in each fraction was quantified by liquid
scintillation counting (Packard 1900 TR liquid
scintillation analyser, Packard Instruments,
Meridian, CT).

RESULTS
Cell Viability, Cell Shape, and Size Measurements

Cell viability during 24°C and 4°C stor-
age. Cell viability for both U937 and Jurkat
cells was examined during ambient (24°C) or
cold (4°C) storage from between 1 and 6 days
after loading of cells into the hardware. For
both cell lines, the viability decreased gradu-
ally with increasing storage time (Figs. 2 and
3). No significant differences could be seen in
viability between U937 cell samples at 1 and
2x1068 cells/ml concentrations at 24°C, with vi-
ability remaining 80% up to 4 days of storage.
However, viability rapidly decreased after this
time, dropping to 65% by the 6th day of storage
(Fig. 2a). At a U937 cell concentration of 4 x 10°
cells/ml, he decrease in viability with time was
greatly accelerated compared to lower cell con-
centrations. In contrast, the rate of decrease in
viability for all U937 cell concentrations at 4°C
was slower than at 24°C. At both 1 and 2x10°
cells/ml viability remained in excess of 80% up
to the 6th day of storage (Fig. 2b). A similar
pattern was observed for Jurkat cells at 1 and
2x108 cells/ml at 24°C (Fig. 3).

Cell viability at 37°C following transfer
from ambient or cold storage. Experiments
in syringes to determine the effect of pyruvate
on U937 cell viability. Pyruvate is known to
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Fig. 2. Viability of U937 cells stored in GCAK-1 measured at
intervals through storage period. (a) 24°C storage. (b) 4°C stor-
age. Cells were loaded at 1 (H), 2 (A), or 4x106 cells /ml (V).
For each time point n=3 and error bars are standard error of the
mean (SEM).

provide a substrate that promotes endogenous
production of CO, by cells [Freshney, 1987] and
has been implicating in modulating cell viabil-
ity and function of mammalian cells in culture
[Kroll et al., 1986; Borle and Stanko, 1996].
Therefore, we examined the effect of the pres-
ence or absence of 1 mM pyruvate in the culture
medium of U937 cells cultured in 2 ml syringes
according to typical Shuttle experiment tem-
perature profiles. No significant difference was
noted in U937 cell viability between cells cul-
tured in the syringes with medium containing
sodium pyruvate and with medium without
pyruvate at either 5x105 or 2x106 cells /ml (Fig.
4). Only 2x108 cells /ml data is presented for
clarity.

Experiments with U937 cells in GCAK cas-
settes. The viability of U937 cells in GCAK-2
cassettes was examined in a time/temperature
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Fig. 3. Viability of Jurkat cells stored in GCAK-1 measured at
intervals through storage period. (a) 24°C storage. (b) 4°C stor-
age. Cells were loaded at 1x106 cells/ml (H), or 2x108 cells /ml
(A) . For each time point n=3 and error bars are standard error
of the mean (SEM).

profile simulating the S/IMM-03 PHORBOL ex-
periment. Cells were loaded into the cassettes
at an initial concentration of 1x10°8 cells/ml .
Viability was examined both directly after 4
days storage at 24°C or 4°C and after subse-
quent transfer to 37°C for 15 h. For samples
stored at 24°C, the viability immediately after
ambient storage was 75%, but dropped to 51%
after 15 h at 37°C (Table I1). Whereas the initial
viability of cells stored at 4°C was slightly higher
(79%), almost no viable cells were detected fol-
lowing transfer to 37°C . Similarly, T-cells at an
initial concentration of 2x108 cells/ml exposed
to the same S/IMM-03 PHORBOL experiment
time/temperature profile showed higher via-
bilities after 24°C storage than 4°C storage
(Table I1).

An experiment was performed with U937
cells in the GCAK-2 cassettes in RPMI-1640
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Fig. 4. Viability of U937 cells stored in 2 ml syringes in
RPMI-1640 medium with or without 1 mM pyruvate. Cells were
loaded at 2x108 cells /ml. Viability immediately after 24°C
storage in medium either with pyruvate (l) or without (A).
Viability after 18h at 37°C following transfer from 24°C, with
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medium without pyruvate in temperature time
profiles simulating the IML-2, S/MM-03
PHORBOL, and S/MM-06 time temperature
profiles (Fig. 5). The decrease in viability with
time was slower than in previous experiments,
due to the use of a different strain of U937 cells.
Little loss of viability was noted on transfer
from 24°C to 37°C. The size and shape of cells
were assessed using cytofluorimetry in this ex-
periment. This showed that the forward scatter
(cell size) decreased with increased storage time
at 24°C. After transfer to 37°C, side scatter (cell
shape) increased compared to 24°C stored
samples (Fig. 6).

Experiments with Jurkat cells. Jurkat cells
cultured in the GCAK-1 cassettes for up to 72 h
at 37°C from an initial concentration of 5x10°%
cells/ml grew faster than corresponding samples
cultured in multiwells (Fig. 7a). In the same
experiment cell viabilities were comparable in
the cassettes and multi-well, being at least 80%
after 72 h of culture (Fig. 7b). In a simulation of
the T-cell experiment, profile cell numbers in-
creased compared to the initial cell concentra-
tions of 5x10°% and 1x108 cells when measured 4
h and 48 h after transfer to 37°C. At both time
intervals mean viabilities remained in excess of
90% (Fig. 8a). Likewise, D-glucose utilisation
increased after transfer to 37°C and addition of
fetal calf serum, indicating growth activation
(Fig. 8b).

Cellular Activation in the Experiment Cassettes

Cytokine synthesis following phorbol es-
ter stimulation. The ability of cells to pro-
duce cytokines following phorbol ester stimula-
tion was used as a measure of cell growth
activation following storage in the experiment
cassette. U937 cells were subject to the S/
MM-03 PHORBOL experiment temperature
profile (4 d at 24°C, 15h at 37°C), as detailed in
Materials and Methods, before stimulation with
100 ng/ml PDBu. TNF-a is a cytokine secreted
in response to phorbol ester stimulation. Signifi-
cant quantities of TNF-a were secreted by the
cells, compared to unactivated cultures, indicat-
ing that the cells were still sensitive to stimuli
after storage under a simulated Space Shuttle
mission profile (Table I11).

Protein kinase C translocation. Protein
kinase C (PKC) is a serine/threonine kinase
that mediates signal transduction from the
membrane to the cell nucleus. When PKC is
activated, it transiently translocates to the par-
ticulate (membrane/cytoskeleton) fraction of the
cell from the cytosol, so this phenomena can be
used as a measure of cellular activation. Since
PKC is directly activated by phorbol esters, we
examined PKC translocation in U937 cells fol-
lowing 3H-PDBu stimulation in the GCAK-2
cassette. The translocation kinetic of PKC fol-
lowing the S/IMM-03 PHORBOL experiment
temperature profile (4 d at 24°C, then 15 h at
37°C) was compared to an identical sample
stored for 15 h at 37°C (Fig. 9). Although the
magnitude of the Kinetic is diminished in the
S/MM-03 temperature profile samples com-
pared to the control sample, the pattern of
translocation appears to be unchanged. This
result demonstrates that the cells are still ca-
pable of responding to stimulation following
storage in a temperature profile comparable to
that of a Shuttle-Mir docking mission.

DISCUSSION

The aim of our ground experiments pre-
sented here was to determine if the objectives of
a series of experiments proposed for flight
aboard the Space Shuttle in the ESA Biorack
facility could be met within the operational
constraints of the mission. Our results show
the feasibility of performing experiments with
the cell lines examined in the GCAK cassettes
under temperature and time profiles likely to
be encountered in the course of an experiment
aboard the Space Shuttle. Unlike cell culture in
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TABLE Il. U937 and Purified Human T-Cell Viability Under Simulated Shuttle Mir (S/MM) 03
Phorbol Experiment Flight Profile

Cell type 4°C

24°C

Treatment 4-day storage 4-day storage, then 15 h at 37°C 4-day storage 4-day storage, then 15 h at 37°C

U937 cells 79.9% = 2.9% No viable cells
T cells — 75.9% * 4.4%

75.5% * 0.2% 51.2% * 3.7%
— 91.7% = 2.0%

100

85

Percentage viable cells

80 T T T 1
o] 1 2 3 4

Days storage at 24°C

Fig. 5. Viability of U937 cells stored in GCAK-2 cassettes at
24°C before and after transfer to 37°C. Cells were subject to
storage temperature time profiles that simulated three different
flight experiment protocols; IML-2 Cytokine experiment (1 day
storage), SSMM-06 Cytokine (3 days storage), and S/MM-03
Phorbol experiment (4 days storage). () Viability measured at
the end of the 24°C storage period immediately before transfer
to 37°C. (A) Viability measured after 15 h incubation at 37°C,
following 24°C storage. For each time point n=3 and error bars
are standard error of the mean (SEM).

a terrestrial laboratory, the experiment must
be performed in sealed culture systems, pack-
aged to permit the experiment to be performed
with minimum manipulations by crew mem-
bers and satisfy stringent safety requirements.
We developed the GCAK cassette system, which
incorporates these requirements and permits
several different cell culture manipulations dur-
ing Shuttle flight missions.

An initial concern was the biocompatability
of the experiment cassette with the cell cul-
tures. Routine laboratory cell culture typically
uses disposable flasks, usually made of just one
material, typically polystyrene. In contrast, in
the GCAK cassette uses several different mate-
rials, including polycarbonate, rubber, silicone
coatings, and stainless steel. Additionally, the
cassettes are designed to be reusable, which
introduces the possibility of degradation of ma-
terials and the release of cytotoxic substances.
Initial experiments showed that the silicone-
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Fig. 6. Forward scatter and side scatter measurements in a
cytofluorimeter of U937 cells cultured in GCAK-2 cassettes in
the same experiment shown in Figure 5. Forward scatter values
are proportional to cell size, whereas side scatter is a measure of
the irregularity of cell shape. 2x106 cells/ml. (ll) measurements
obtained at the end of the 24°C storage period immediately
before transfer to 37°C. (A) Viability measured after 15 h
incubation at 37°C, following 24°C storage. Storage time in
hours is indicated next to individual data points. Each time is the
mean of three sample wells in a cassette and error bars are
standard error of the mean (SEM).

coated rubber pistons in the culture chambers
released toxic products into the culture me-
dium as a result of degradation of the material
during autoclaving (data not shown). This prob-
lem was resolved by inserting fresh ~y-irradi-
ated sterile pistons from disposable syringes
into the experiment hardware after autoclav-
ing of the hardware. The results of culture
experiments with both U937 and Jurkat cells in
the cassettes indicate that cell growth and vi-
ability are not adversely affected in the cassette
and indeed in the case of Jurkat cells cell growth
may even be enhanced in the cassette for spe-
cific culture conditions (Figs. 5 and 7).

The Biorack does not provide a standard labo-
ratory incubator atmosphere with 5% CO.,.
Therefore, the requirement for atmospheric
CO,, which buffers the medium and provides a
source of hydrogen bicarbonate, was replaced
with hepes, sodium bicarbonate, and sodium
pyruvate [Freshney, 1987]. Sodium pyruvate
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Fig. 7. Biocompatability of Jurkat cells with GCAK-1 cassettes.
(a) Growth of Jurkat cells at 37°C up to 72 h after initial loading
of cells into the cassette at 4x10° cells /ml (b) Percentage of
viable cells in hardware in same experiment. (ll) number of
cells in cassettes, (A) number of cells in multi-well controls. For
each time point n=6 and error bars are standard error of the
mean (SEM).

provides a substrate that promotes endogenous
production of CO, by the cells and may modu-
late cell viability and proliferation [Kroll et al.,
1986; Borle and Stanko, 1996]. This may be
necessary in the total absence of CO,, since
HCO;- may be totally converted to H,CO; and
gaseous CO, under these conditions and thus
be unavailable to the cells. However, our experi-
ments showed that the U937 cell viability was
unaffected by the presence or absence of pyru-
vate (Fig. 4). The reason for this is most likely
at the cell concentrations used for these experi-
ments the cells were producing adequate quan-
tities of CO, even in the absence of pyruvate.
However, for other cell types, especially those
that are slow growing and at low concentra-
tions, pyruvate may be necessary to ensure the

maintenance of adequate pH and bicarbonate
concentrations.

The operational constraints of a typical Space
Shuttle mission often result in the experiment
being exposed to temperatures that are not
normally optimal for mammalian cell growth.
The ambient temperature of the Shuttle cabin
is generally around 24°C. Some mammalian
cell cultures experiments have successfully been
performed at the ambient temperature of the
Space Shuttle cabin, e.g., a series of experi-
ments with the mouse cell line LM929 [Woods
and Chapes, 1994]. However, these experi-
ments may not reflect the behaviour of the cell
under physiological conditions, and some cell
types may fail to function normally at a tem-
perature other than 37°C. Biorack provided a
37°C=*0.5°C incubator for our experiments.
However, prior to Biorack activation the experi-
ments were stored in a locker in the Shuttle
middeck.

Since no power was available for active tem-
perature control in the middeck lockers on Bio-
rack missions, the samples had to be stored at
either ambient temperature (between 21°C and
24°C) or at 4°C in a Passive Thermal Condition-
ing Unit (PTCU). Due to operational reasons,
the latest that an experiment could be installed
aboard the Shuttle was 18 h before launch, with
the time between launch and cassette loading
into the Biorack incubator varied between 7 h
and 3 days. Due to the possible detrimental
effect of this lengthy storage time at a tempera-
ture other than 37°C on cell viability and func-
tion, we examined the viability of U937 and
Jurkat cells at 24°C and 4°C for up to 6 days of
storage. As expected, viability was found to
decrease with time, although at a greater rate
in 24°C stored cultures. Decrease in cell viabil-
ity was also accelerated at high cell concentra-
tions, as would be expected due to increased
nutrient utilisation in the medium. However,
on transfer to 37°C, the viability of U937 cells
decreased markedly and almost all cells stored
at 4°C died. Therefore, ambient stowage condi-
tions were chosen for all experiments per-
formed with U937 and Jurkat cells in the GCAK
cassettes. For U937 cells, a modification in the
culture medium composition improved viability
in storage and after transfer to 37°C, as indi-
cated above. Similarly, Jurkat cells subject to a
temperature/ time simulating that of the flight
experiment profile maintained good viability.
The cytofluorimetry data shows that the U937
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cells became more granular and larger, suggest-
ing the cells are becoming apoptotic. This is to
be expected since the cells consume nutrients
in the medium during storage in the cassettes
and so will be subject to increased environmen-
tal stress as time progresses. U937 cells re-
mained responsive to phorbol ester stimula-
tion, as indicated by cytokine synthesis and
PKC translocation, although the magnitude of
response was decreased compared to freshly
prepared cells. However, we cannot tell from
these data if the response is from the whole cell
population, or a subset of the cell population.
These data indicated that it was feasible to
perform the flight experiments according to the
time/temperature protocol proposed for each
mission. However, different cell types showed
different sensitivities to storage conditions.
Whereas U937 cells could withstand the worse
case storage conditions of the S/IMM-03 Phorbol
experiment, Jurkat cells did not synthesis IL-2
in response to phorbol esters after this time/
temperature profile (data not shown). There-
fore, this shows the importance of choosing a
suitable cell type that can tolerate the storage
conditions of a proposed flight experiment. How-
ever, the ground experiments presented here
and results of flight experiments [Schmitt et
al., 1996; Lewis et al., 1998] demonstrate that
certain cell types can be stored at ambient
temperature during several days before trans-
fer to 37°C, without a serious impact on the
functionality of the cells.

The experimental constraints associated with
performing the series of experiments on the
Space Shuttle presented here are typical for
many different experiments using mammalian
cell types. Our solution to these challenges was
to develop the GCAK cassette system, which
permits short-term cell culture, with the possi-
bility to add fixative and activators to cells in
suspension, as well as separation of cells from
supernatent by filtration in the GCAK-1 unit.
The principle advantages of this cassette sys-
tem is that up to six replicate samples can be
manipulated simultaneously in each cassette,
the unit is simple to operate, and it is possible
to perform many of the general manipulations
required for cell biology experiments in micro-
gravity.

During the six flights of Biorack, a total of 81
experiments were performed, 49 of these involv-
ing some form of cell culture (including micror-
ganisms and plant protoplasts). Thirty-six of

these experiments required addition of liquids
to a cell culture; 16 experiments required sam-
ple removal, medium exchange, or filtration of
the cell culture. Many of the experiments flown
in Biorack used multiuser cassettes that ful-
filled these general requirements, including the
‘Cytos' cassette (8 experiments), the ‘Blood’
hardware (6 experiments), and ‘Eggs' hardware
(7 experiments) [Planel et al., 1981; Ubbels et
al., 1990; Pippiaetal., 1996]. Equally the GCAK
cassette system could be easily adapted to many
cell biology investigations feasible in Biorack.
In fact, aside from the experiments with leuko-
cytes discussed above, the GCAK cassette has
been adapted for use in an experiment with
bacteria (B. Pyle, pers. comm.) and two experi-
ments with sea urchin sperm (J. Tash., pers.
comm.). Several other facilities and experiment
hardware, which are not compatible with Bio-
rack, have been developed to perform mamma-
lian cell culture experiments on the Space
Shuttle that permit similar manipulations to
those possible with the GCAK cassette. These
include the Materials Dispersion Apparatus
(MDA) minilab, which contains cells and re-
agents in small wells in separate polycarbonate
blocks [Lewis et al., 1994; Hughes-Fulford and
Lewis, 1996]. Addition of reagents to cell cul-
tures is effected by sliding the polycarbonate
blocks past each other. The Bioprocessing Mod-
ule (BPM) is a system of four syringes intercon-
nected through a valve [M.L. Lewis, unpub-
lished communications], whereas the Fluid
Processing Apparatus (FPA) consists of a glass
cylinder partitioned with septa to create 2-3
chambers with the contents of the chambers
being mixed by pushing a plunger [Klement
and Spooner, 1994; Spooner et al., 1994]. The
MDA, BPM, and FPA typically use a Commer-
cial Incubator Refrigerator Module (CRIM) for
temperature control, which is usually accommo-
dated in a single Shuttle middeck locker. There-
fore, these facilities potentially offer regular
access to microgravity, since the CRIM only
takes up a small space on the Shuttle middeck
and so can be flown as a secondary payload on
many missions. However, unlike Biorack, there
is no 1.g centrifuge and freezer/cooler storage of
samples may require the use of a separate
facility.

Another facility that is accommodated in a
middeck locker is the Space Tissue Loss (STL)/
Cell Culture Module (CCM), an automated facil-
ity with active temperature control that uses
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TABLE I1l. TNF-alpha Synthesis by U937 Cells
in GCAK-2 Cassettes for a Simulated S/MM-03
PHORBOL Temperature Profile

TNF-a concentration in supernatent, pg/ml

Unstimulated samples Stimulated samples

72.2 £ 101 246.4 = 24.6
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Fig. 9. Protein kinase C translocation in U937 cells in re-
sponse to phorbol ester stimulation. U937 cells were loaded
into GCAK-2 cassettes at 1x108 cells/ml and incubated for either
15 hat 37°C (H) or 4 days at 24°C, before transfer to 37°C for 15
h (A). PKC translocation to the particulate fraction is expressed
as percentage of total labelling with the PKC marker 3H-PDBu.
For each time point n=6 and error bars are standard error of the
mean (SEM).

commercially available disposable hollow fibre
bioreactors [Kulesh, 1994; Davis et al., 1996].
Unlike the culture systems discussed above,
the STL/CCM can continuously perfuse the cells
with actively oxygenated medium, as well as
add reagents to the culture medium. Addition-
ally, sophisticated experiment manipulations
are possible including real time measurements
of medium pH, periodic sample collection, and
examination of the cell culture using a micro-
scope. Such measurements are important to
more fully understand the mechanism by which
microgravity acts on the cell, particularly to
differentiate between direct effects of micrograv-
ity on intracellular processes and indirect ef-
fects on the intracellular environment. Clearly,
there are many different solutions to the chal-
lenges associated with performing mammalian
cell culture experiments aboard the Space
Shuttle, each of which has advantages or disad-
vantages compared with other systems.

The international space station (ISS) will
soon be assembled in orbit. The ISS will provide
enhanced research capabilities and longer dura-

tion microgravity in comparison with existing
research facilities aboard the Space Shuttle,
although it also presents new technical chal-
lenges for cell biology experimentation since
there are several months between resupply
flights. Dedicated cell biology experiment facili-
ties are planned for the station, but experiment-
ers will still need to develop experiment specific
hardware to perform experiments in these facili-
ties. Experience with Space Shuttle facilities
suggests that many different experiments could
be performed with appropriately designed mul-
tiuser experiment hardware. Experience gained
from prior experiments with apparatus such as
the GCAK cassette system, along with ground-
based tests to determine the effect of mission
and technical constraints will be invaluable in
designing new hardware to take advantage of
the ISS facilities.
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