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Abstract

BHK-21 cells were cultured under various shear stress conditions in an Integrated Rotating-Wall Vessel

(IRWV). Shear ranged from 0.5 dyn/cm? (simulated microgravity) to 0.92 dyn/cm?. Under simulated microgravity
conditions, BHK-21 cells complexed into three-dimensional cellular aggregates attaining 6 x 106 cells/m! as compared
to growth under 0.92 dyn/cm? conditions. Glucose utilization in simulated microgravity was reduced significantly, and
cellular damage at the microcarrier surface was kept to a minimum. Thus, the integrated rotating wall vessel provides a

quiescent environment for the culture of mammalian cells.
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The assembly of complex functional mamma-
lian tissues is problematic due to the effects of
shear stress, turbulence and inadequate oxygen-
ation in conventional cell culture systems. This
report describes the culture and three-dimen-
sional assembly of baby hamster kidney (BHK-
21) mammalian cells on microcarriers under
controlled oxygenation, low shear stress, and
turbulence in the NASA-designed integrated ro-
tating-wall vessel (IRWV) (Schwarz and Wolf,
1991a). Anchorage-dependent cells are widely
cultured on microcarriers (van Wezel, 1973).
Studies show that for the purposes of improved
surface-to-volume ratio and scale-up, the micro-
carrier suspension culture provides excellent po-
tential for high density cell growth (Glacken et
al., 1983). In addition, microcarriers serve well
as structural supports for three-dimensional as-
sembly, the composite of which is the basis for
three-dimensional tissue growth (Goodwin et
al., 1992).

Conventional culture systems for microcar-
rier cultures (i.e., bioreactors) use mechanical
agitation to suspend microcarriers and thus in-
duce impeller strikes as well as fluid shear and
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turbulence at the boundary layer between the
wall and the fluid. Investigators have attempted
to make a complete study of the most efficient
bioreactor designs and agitation regimens
(Croughan et al., 1987). They concluded that
virtually all stirred-tank bioreactors operate in
the turbulent regimen. It has been demon-
strated that bead-to-bead bridging of cells is
enhanced significantly at lower agitation rates
in a stirred reactor (Cherry and Papoutsakis,
1988). Aggregates of as many as 12—15 microcar-
riers bridged with bovine embryonic kidney cells
(BEK) have been reported.

Excessive agitation from either stirring or gas
bubble sparging has been documented as a cause
of cell damage in microcarrier cell cultures
(Croughan and Wang, 1989a; Cherry and Hulle,
1992). To overcome the problems induced by
these mechanisms, investigators developed alter-
native culture techniques such as porous micro-
carriers to entrap cells (Nilsson et al., 1986),
increased viscosity of culture medium (Croughan
et al.,, 1989b), bubble-free oxygenation (Thal-
man, 1989), and improved methods for quies-
cent inoculation (Clark et al., 1980; Feder and
Tolbert, 1983). These steps decreased the dam-
age attributed to turbulence and shear forces
but failed to significantly rectify the problems.
Reactor systems of substantially increased vol-
ume exhibit less agitation-related cell damage.
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This is presumably due to the decreased fre-
quency of cell/microcarrier contact with the agi-
tation devices in the systems.

Research scale investigations do not afford
the luxury of experimenting with large scale
production systems. Therefore, if a large-vol-
ume system is indeed more quiescent, an im-
proved bioreactor system should emulate the
fluid dynamics present in the upper regions of
large-scale reactors in which cells and microcar-
riers reside with minimal agitation.

Microcarriers and cells in large-volume reac-
tors are semibuoyant rendering them practi-
cally weightless, a condition that we hypothesize
may be analogous to the environment of micro-
gravity. It is stated that “Unless a cell culture is
growing in an environment free of gravitational
forces, moderate levels of agitation are required
to suspend microcarriers that are not neutrally
buoyant” (Croughan et al., 1989b). The ability
to grow cells in a rudimentary horizontally ro-
tated chamber has been previously demon-
strated (Briegleb, 1983). This configuration was
mntended to simulate in the laboratory the ef-
fects of weightlessness or microgravity on cells.
It was shown that human embryonic kidney
(HEK) cells attach to microcarriers in micrograv-
ity (Space Shuttle experiment) and that attach-
ment and spreading may be enhanced in a
weightless environment (Tschopp et al., 1984).
Review articles of cell biology performed in space
flight experiments delineate the growth of many
cell types in an environment devoid of gravita-
tional influence (Gmuender and Cogoli, 1988;
Goodwin et al., 1988). The problem, then, is to
suspend microcarriers and cells without induc-
ing turbulence or shear while providing ade-
quate oxygenation and nutritional replenish-
ment. One environment that possesses these
attributes is the microgravity of space flight.
Another is the system referenced here which
randomizes the forces of gravity by classical
methods, thus simulating some aspects of micro-
gravity.

The term rotating-wall vessel (RWV) com-
prises a family of vessels, batch fed (Fig. 1) and
perfused (Fig. 2), which embody the same fluid
dynamic operating principles. These principles
are (1) solid body rotation about a horizontal
axis which is characterized by (a) co-location of
particles of different sedimentation rates, (b)
extremely low fluid shear stress and turbulence,
and (¢) three-dimensional spacial freedom; and
(2) oxygenation by active or passive diffusion to

Fig. 1. Schematic of the RWV A 24-VDC motor (A) drives a
belt that rotates the culture vessel (B) around its horizontal axis
An air pump (C) draws incubator air through a 0 22-pm filter
(D) and discharges 1t through a rotating coupling on the shaft
that carries the vessel The air pump moves about 1 L/min of air
The oxygenator membrane (E) 1s wrapped around the center
post The vessel end caps and wall are made of lexan

the exclusion of all but dissolved gasses from the
reactor chamber, yielding a vessel devoid of gas
bubbles and gas/fluid interface (zero headspace)
(Wolf and Schwarz, 1991; Schwarz et al., 1992),

The horizontally rotating culture vessel simu-
lates some aspects of microgravity (Dedolph and

Fig. 2. Schematic of the IRWV with three axes of rotation
exhibited The wall of the culture vessel (A), the vane (B), and
the spin filter (C) are shown The spin filter 1s covered with 50
micron polyester cloth to prevent loss of microcarriers and
cellular material into the perfusion loop
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Dipert, 1971; Schwarz et al., 1992; Prewett et
al., 1993) reducing to a minimum the shear and
turbulence associated with impeller-driven,
stirred bioreactors. Microcarriers and cells re-
main uniformly suspended in the fluid. Shear
forces and mass transfer in solid body rotation
are attributed to the minute movements of the
microcarriers in the medium and their inciden-
tal contact with the wall and one another.

Conventional methods of oxygenation disturb
the medium and damage the cells (Cherry and
Kwon, 1990; Cherry and Hulle, 1992). Previous
designers have suspended particles in a quies-
cent environment by horizontal rotation (Va-
seen, 1980); however, none has been able to
provide a means of oxygenation that does not
perturb this tranquil environment. Many stirred
reactors depend on gas control and diffusion at
the gas/medium interface (headspace oxygen-
ation). Many others use sparging or air lift tech-
niques where gas is introduced as minute bub-
bles and thus lift the cells and microcarrier up
through the medium.

The use of silicone rubber tubing to oxygenate
a 14-liter bioreactor has been previously ex-
plored (Fleischaker and Sinsky, 1981). In this
method silicone rubber tubing was placed in
direct contact with the medium. A gas mixture
was circulated through the tubing diffusing into
the medium at the coefficient of the particular
gas (passive diffusion). They found that oxygen
transport varied with the rate of agitation and
concluded that the problem of oxygenation in
large-scale cell culture could be adequately dealt
with by membrane oxygenation. Gas diffusion
through a silicone membrane can be improved
by decreasing the membrane thickness. An exam-
ple of this current technology is extracorporeal
oxygenators used in heart-lung machines. The
batch-fed RWVs use this method of oxygenation
(Schwarz et al., 1991b) (Fig. 1A), employing a
centrally located silicone membrane for transfer
of dissolved gasses (Schwarz et al., 1992). Incu-
bator air is circulated through the center shaft
of the vessel via an external air pump, thus
eliminating induction of air bubbles into the
culture medium (Fig. 1E). The IRWV uses a
membrane in the vessel for the retention of
cellular material and passage of return medium
to the perfusion loop (Fig. 2C). This loop passes
through a sensor block that analyzes dissolved
oxygen (dO,), dissolved carbon dioxide (dCO.,),
pH, glucose and temperature, then to an in-line
hollow fiber oxygenator that revitalizes the me-

dium with the proper dO,/dCO,/dN, gas bal-
ance. Additionally, the IRWV is constructed to
permit three independent horizontal axes of ro-
tation, i.e., the wall, the vane, and the spin filter
(Fig. 2A—C). Three-axis rotation allows the addi-
tion of minute levels of shear stress to be added
to desired cell cultures or, in this study, to
determine the effects of increasing shear stress
and turbulence on the growth and three-dimen-
sional assembly of mammalian cells. The results
presented herein demonstrate that BHK-21 cells
propagated for 7 days in an IRWV exhibited
deleterious effects when subjected to fluid shear
stresses of 0.92 dyn/cm?.

MATERIALS AND METHODS
Cell Line

Baby hamster kidney (BHK-21) cells were
obtained from the American Type Culture Col-
lection (ATCC) (Rockville, MD). Cells were cul-
tured in an enriched medium identified as micro-
carrier medium (MM) developed at NASA/
Johnson Space Center (Table I). BHK cells were
grown in Corning T-150 flasks up to passage 56
prior to inoculation into vessels. All cells were
previously screened for Mycoplasma contamina-
tion and were certified negative.

Description of Hardware and Culture Conditions

The IRWV used in these experiments was
designed as outlined in U.S. Patent 4,988,623
{Schwarz and Wolf, 1991a). The unit consists of
a 500-ml horizontally rotated cylinder with three

TABLE I. Microcarrier Medium Complete

Medium Manufacturer/no. Quantity
Medium 199 (Gibco 400-1100EB) 1.0 pkg/3 L
MEM-Alpha (Gibeo 410-1900EB) 1.0 pkg/3 L
D-MEM (Gibeo 430-2100EB) 1.0 pkg/3 L
NaHCO4 (Sigma S5761) 6.048 g/3 L
Bactopeptone  (Difco 0118-01-8) 1.2g/3L
Folic acid (Sigma F-8758) 0.02g/3L
i-Inositol (Sigma I-7508) 0.072g/3 L
Nicotinic acid  (Sigma N-0761) 2.0ml/3 L of
50-mg/dl
stock
HEPES (Research Organics 14.298 g/3 L
6003H-2)
Pen-Strep (Gibco 600-5145 AE) 10.0 ml/L
Fungizone (Gibco 600-5295 AE) 10.0 ml/L
NaOH (pH adjusted with 20.0 ml/3 L
1 N NaOH) of 1N stock

Fetal calf serum (Hyclone A-1111-L) 100.0 ml/L
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independent axes of rotation; the wall, the vane
and the spin filter (Fig. 2). The vessel employs
an external perfusion loop that permits the on-
line monitoring and addition of O,, CO,, glucose
and NaOH for pH control (Fig. 3). The vessel
was completely filled with MM (Table 1), inocu-
lated through a syringe port with Cytodex-3
microcarriers (average size is 175 pm), then
inoculated with BHK-21 cells at a concentration
of 10 cells/microcarrier. Microcarrier concentra-
tion was 5 mg/ml (4,000 beads/mg) yielding
approximately 2 x 10° cells/ml. Vessel rotation
was initiated and maintained at 20 rpm without
perfusion for the first 24 hours to allow appropri-
ate cell attachment to the microcarriers. There-
after, the vessel was perfused with a 67% me-
dium change each 24-hr period to replenish
nutrients.

Vessel fluid dynamics in solid body rotation
were described previously for this vessel (Wolf
and Schwarz, 1991; Tsao et al., 1992) and for

non-perfused RWV’s (Schwarz et al.,, 1992;
Prewett et al., 1993). To demonstrate the lowest
discernible level of damaging fluid shear on
three-dimensional cell to microcarrier assembly,
experiments were conducted at calculated shear
stresses ranging from 0.51 dyn/cm? (solid body
rotation) to 0.92 dyn/cm? (Tsao et al., 1992;
Wolf and Schwarz, 1992). This was achieved in
the IRWV by placement of the vane 6.35 mm
from the vessel wall and in the case of sheared
experiments using a different rate of rotation
between the vessel wall and the vane.

Growth Curves

Initial samples were harvested at approxi-
mately 48 hr and thereafter each 24-hr period to
assess the progress of the cultures and deter-
mine the total cell count and viability. Analysis
for total numbers of cells was performed by the
previously described method (Sanford et al.,
1951; Schwarz, et al., 1992; Goodwin et al., 1993).

Fig. 3. Photograph of computer-controlled IRWV system as configured for these studies Left
to right are the CRT and keyboard, the computer module and drives (external to incubator), and
the vessel deck containing the IRWV, sensor block, and perfusion loop (internal to incubator)
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Briefly, three 1-ml cell/microcarrier samples
were removed from the vessel, washed twice
with calcium and magnesium free (CMF)-PBS,
transferred to a 1-ml solution of 0.1% crystal
violet/0.1 M citric acid and vortexed, then incu-
bated at 37°C for 1 hr. Released nuclei were
enumerated by hemacytometer and microcarri-
ers were counted in a model M Coulter Counter
with a 560-nm aperture. Numbers of nuclei
were first converted to cells/microcarrier then
to cells/ml. Cellular viability was determined by
trypan dye exclusion.

Three-Dimensional Aggregation

Three-dimensional aggregation of BHK-21
cells was determined beginning at 48 hr and
continued each 24-hr period thereafter. Three
1-ml samples of cell-microcarrier aggregates were
taken, then transferred into 35 mm petri dishes
with 2 mm grids (Lab-Tek Division, Miles Labo-
ratories, Cat. No. 5217) and were evenly dis-
persed for counting. The number and size of the
aggregates were determined over ten 2-mm-
square grids. The percentage of aggregates was
calculated, averaged over three counts, and
grouped in the following categories: 2—5 micro-
carriers. 6—15 microcarriers, and > 16 microcar-
riers per aggregate.

Scanning Electron Microscopy

Cell/bead samples were removed from the
IRWV as stated above and fixed in a solution
containing 3% glutaraldehyde and 2% paraform-
aldehyde in 0.1 M cacodylic buffer, pH 7.4. Sam-
ples were prepared for scanning electron micros-
copy as previously described (Goodwin et al.,
1992, 1993; Schwarz et al., 1992; Prewett et al.,
1993). Briefly, samples were rinsed with cacodyl-
ate buffer, fixed with 1% OsO, in cacodylate
buffer, rinsed and fixed with 1% TCH. Samples
were then rinsed again, fixed with 1% OsQO,, and
dehydrated with increasing concentrations of
ethanol. Samples were critical point dried and
scanned on a JOEL model T330 electron micro-
scope at 5 kV.

Metabolic Data

Metabolic data were collected during the exper-
iments to assess the effects of shear stress on the
assembly of cell/microcarrier aggregates. Media
samples were harvested as stated above for anal-
ysis of glucose, dO,, dCO,, pH, and enzymatic
assays. Glucose, dO,, dCO,, and pH were ana-

lyzed off line by a Corning 168 Blood Gas Ana-
lyzer and Beckman Glucose Analyzer 2, respec-
tively. Analysis of specific enzymatic activity
including Alanine Transaminase (SGPT), Aspar-
agine Transaminase (SGOT), Lactate Dehydro-
genase (LDH), and Alkaline Phosphatase were
accomplished with a Beckman Synchron CX5.

RESULTS
Growth Curves

BHK-21 cells were cultured for 7 days in
triplicate experiments; the results of these exper-
iments are detailed in Figure 4. The growth
curves demonstrate a significant impairment of
BHK-21 cells to grow and develop normally un-
der shear conditions of 0.92 dyn/cm?. Con-
versely, solid body rotation or near solid body
rotation at 0.51 dyn/cm? in the IRWV produced
robust cultures, which grew to a maximum cell
number of 6 X 619 cells/ml. During the course of
all experiments, dO,, dCO,, and pH were moni-
tored closely. CO, was kept to a maximum of 40
mm Hg, oxygen was kept above 656 mm Hg, and
pH was never allowed to drop below 6.9. Cell
viability was determined by standard trypan
blue dye exclusion assay (Goodwin et al., 1992).

Cell Growth Curves

l'051 djenf 092 djen?
e Y

Cells/ml x 10 ®

oo
0 24 48 72 %6 120 144 168 192
Hours

Fig. 4. The average of triplicate experiments conducted at
0.57 and 0.92 dyn/cm?. Cells in the 0.51 dyn/cm? experiments
attained an average of 6 X 10 cells/ml, while experiments
conducted under 0.92 dyn/cm? resulted in reduced prolifera-
tion.
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Three-Dimensional Aggregation

Figure 5 demonstrates the difference in cell
growth and three-dimensional assembly under
experimental conditions of 0.51 dyn/cm? versus
0.92 dyn/cm? fluid shear stress. The distribu-
tion of aggregate assembly was not statistically
different in the early phase of the experiments
where microcarrier bead packs ranged from two
to five microcarriers in number (Fig. 5A). How-
ever, as the experiments progressed, a signifi-
cant difference in the ability of microcarriers
and cells to complex into larger three-dimen-
sional aggregates was observed. Figure 5B dem-
onstrates a significant divergence in the range of
6—15 microcarrier aggregates between condition
0.51 and 0.92 dyn/em?. Less than 20% of the
total number of aggregates at 0.92 dyn/cm? at
94 hr were in the range of 6-15 microcarrier
aggregates. Conversely, in the shear condition
of 0.51 dyn/cm?, greater than 45% of the aggre-
gates had attained a size of 6-15 microcarriers.
This trend continued throughout the duration
of the cultures at 0.51 dyn/em?2. Although the
aggregate sizes continued to increase marginally
under 0.92 dyn/cm? shear, severe impairment in
the cell-microcarrier assembly process was evi-
dent. Figure 5C further demonstrates the inabil-
ity of BHK-21 cells to aggregate and complex
into three-dimensional tissues at a shear level of
0.92 dyn/cm?2. Fewer than 10% of the aggregates
of greater than 16 microcarriers in size were
evident in the high shear condition. However,
starting at 94 hr and continuing through the
termination of the cultures, aggregates of greater
than 16 were present in the 0.51-dyn/cm? condi-
tions.

Scanning Electron Microscopy

The degree and intensity of cellular damage at
0.92 dyn/cm? was particularly evident when com-
pared photographically to conditions at 0.51 dyn/
cm?. Figures 6 and 7 are two panels of scanning
electron micrographs that compare shear condi-
tions. Figure 6 compares photographs at a mag-
nification of x350. Figure 6A,C,E demonstrates
the normal growth of BHK-21 cells under 0.51
dyn/cm? shear at 46, 94, and 167 hr, respec-
tively. Damage to the three-dimensional aggre-
gation of microcarrier packs is apparent in Fig-
ures 6B,D,F and 7B,D,F (magnification X 750).
Clearly, 0.92 dyn/cm? shear inhibits the forma-
tion and continued progress of cells growing on
the surface of three-dimensional bead packs.
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Fig. 5. Histograms of the average percent aggregate data for
051 dyn/cm? and 092 dyn/cm? A-C Note the reduced
aggregation in the condition of 0 92 dyn/cm? per sample Totals
do not equal 100% due to the percentage of single microcarniers
not graphed

Metabolic Data

Glucose utilization was calculated for each set
of triplicate experiments at 0.51 and 0.92 dyn/
cm?. After an initial spike under both experimen-
tal conditions, glucose utilization in the 0.51-
dyn/cm? experiments decreased from approxi-
mately 11 mg/dl/cell/hr x 10-% to <4 mg/dl/
cell/hr x 10-? at the end of the experiments
(Fig. 8). Alternatively, the consumption of glu-
cose in the 0.92 dynes/cm? condition increased
significantly, beginning at 96 hr and continuing
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Fig. 6. Scannming electron micrographs (x350) of condition 0 51 dyn/cm? (A,C,E) and condition 0 92 dyn/cm?
(B,D,F) At 46 (A,B), 94 (C,D) and 167 (E,F) hr Microcarriers are indicated with a triangle (B,F) Note the confluent
microcarriers in C as compared to D Note the condition of the cells on the bead and the size of the aggregate in E as
compared with 6F, which exhibits microcarriers and cells generally in poor condition

through 168 hr. At this point, the level of glu-
cose consumption on a per-cell basis was near 15
mg/dl/cell/hr x 10-°. A panel of enzymatic lev-
els (alkaline phosphatase, SGOT, SGPT, and
LDH) was analyzed to determine the metabolic

state of the cells during each experiment. Figure
9A demonstrates the level of alkaline phospha-
tase at 0.51 and 0.92 dyn/cm?. These data indi-
cate that neither of the conditions elicited a
significant increase in the amount of released
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Fig. 7. Scanning electron micrograph (x750) of conditions outlined in Figure 6. Again, note
the bare microcarriers (triangle) in 7F. Cells are shown growing in the crevices of the bead pack
of F, while E displays a healthy culture that has attained confluence on the microcarriers.

alkaline phosphatase. Figure 9B demonstrates
the amount of released SGPT in the 0.51- and
0.92-dyns/ecm? experiments. The 0.92 dyn/cm?
did result in significantly elevated levels of SGPT
beginning at 96 hr and continuing throughout
the end of the experiments. Figure 9C demon-

strates the release of SGOT in the two experi-
mental conditions. Levels of SGOT declined ini-
tially in the 0.51 dyn/em? condition and
continued to decline throughout the duration of
the experiments. However, at 96 hr, the period
at which large numbers of microcarriers began



Reduced Shear Stress in Mammalian Tissues 309

35
Glucose Utilization Rate (GUR)

30 + °

7
‘( J 051 d/cm2 092 d/cm2
|

25 -

|
\
|
’
|
|
|

T
? J
[=]
L2 !
z °
e \
—E' -
S5 |- i

e
X 2]
— @ —

0 24 48 72 96 120 144 168 192
Hours

Fig. 8. Graph of glucose utilization rates of condition 0.51
dyn/cm? and 0.92 dyn/cm?. Note the glucose consumption per
cell decreases in condition 0.51 dyn/cm? and increases in
condition 0.92 dyn/cm?.

to complex into larger three-dimensional aggre-
gates, a significant release of SGOT is evident in
the cultures, and this release continues to in-
crease throughout the remainder of the experi-
ment. Figure 9D shows a significant difference
in the amount of released LDH between the
conditions of 0.51 dyn/cm?2 and 0.92 dyn/cm?
shear stress. A significant divergence of the two
curves occurs at 96 hr into the cultures. LDH
increased and continued to increase throughout
the remainder of the experiment in the 0.92
dyn/cm? conditions. Finally, 0.51 dyn/cm? ef-
fected no change and actually resulted in a small
decrease in the amount of released LDH.

DISCUSSION

Several interesting phenomena are revealed
upon review of these data. First, BHK-21 cells
respond negatively when exposed to relatively
low levels of fluid shear stress. The literature
cites levels of shear stress in the range of 3-10
dyn/cm? (Cherry and Papoutsakis, 1986) as be-
ing sufficient to inflict damage to cells. In our
studies, although large-scale cell lysis did not

occur, the capability of the cells to reach their
maximum cell number was significantly im-
pacted and, clearly, three-dimensional assembly
on microcarriers was curtailed. Figure 5B,C
shows a striking difference between simulated
microgravity cultures at 0.51 dyn/cm? and the
shear stress of 0.92 dyn/cm?2 Three-dimen-
sional assemblies are suppressed at the higher
shear stress and even those aggregates that do
form exhibit signs of severe damage (Figs. 6,
7B,D,F). Inspection of Figures 6 and 7 makes
apparent the effect of shear at the microcarrier
surface. Cells in the 0.92 dyn/cm? condition are
seen growing in between the microcarriers but
fail to inhabit the outer areas.

Damage to cells at low levels of shear is con-
comitant with the release of biomolecules from
within the cells which arrest both the prolifera-
tive and structural functions of the cells. Figure
8 expresses the amount of glucose consumed on
a per cell basis. Under conditions of 0.51 dyn/
cm? or simulated microgravity, BHK-21 cells
used approximately 60-70% less glucose and
attained cell numbers of more than 6 x 108
cells/ml. However, under 0.92 dyn/cm? shear
stress the cells failed to proliferate and aggre-
gate well, indicating sensitivity to these condi-
tions and inefficient use of the available energy
sources. Further evidence of damage and ar-
rested ability to function in relatively low shear
is confirmed by the data presented in Figure
9A-D. The release of intracellular enzymes
(LLDH, SGOT, SGPT, and alkaline phosphatase)
under conditions of shear indicates at least min-
imal damage to the cellular membranes. This
low-level damage may require the cell to channel
energy into repair efforts rather than into cellu-
lar proliferation and structural assembly. The
data indicate an inability of the cultures to over-
come continued shear stress at 0.92 dyn/cm?. As
the cultures begin to complex, shear may artifi-
cially restrict the size and complexity of the
microcarrier-cell aggregates.

The composition of the factors outlined above
may indeed explain the decreased use of glucose
at 0.51 dyn/cm? and the increased use of glucose
at 0.92 dyn/cm? shear stress. The data confirm
the benefit of reduced shear or simulated micro-
gravity as a constructive tool in the assembly of
three-dimensional tissues.

Coincidentally, subsequent studies that are
under way in our laboratories indicate variances
in the consumption and production of certain
basic amino acids known to be important in
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Fig. 9. Graphs of enzyme analysis SGPT (B), SGOT (C), Alkaline Phosphatase (A), and LDH
(D), for condition 0 51 dyn/cm? and condition 0 92 dyn/cm? Note that SGPT increases shightly
for 0 92 dyn/cm?, while 1t decreases from 051 dyn/cm? SGOT and LDH levels increase
dramatically under conditions of 0 92 dyn/cm? shear, while they decrease under 0 51 dyn/cm?

shear stress

secondary metabolism (Rodwell, 1981). The most
notable of these are the large increases in gly-
cine, alanine and ornithine in the 0.51-dyn/cm?
shear condition. These amino acids all share
common lineage in the gluconeogenic pathway

found almost exclusively in the mammalian liver
and kidney (Lehninger, 1975). Efficient use of
glucose and other available energy sources in
functional tissues would reduce the overall glu-
cose consumption in these cultures.
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In summary, conditions of extremely low shear
stress (0.51 dyn/cm?) simulate some aspects of
microgravity and may be analogous to character-
istics of actual microgravity, fostering a quies-
cent environment in which cells may devote
energy utilization to structural and functional
aspects of three-dimensional tissue growth.
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